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PREFACE 

The work r e p o r t e d  here in  was conducted by the Arnold E n g i n e e r -  
ing Development  Cente r  (AEDC), Air  F o r c e  Sys t ems  Command 
(AFSC), under  the sponso r sh ip  of the Defense  Advanced R e s e a r c h  
P r o j e c t s  Agency and H e a d q u a r t e r s ,  Arnold Eng inee r ing  Development  
Cente r ,  under  P r o g r a m  E lemen t  65807F. The r e s u l t s  were  obtained 
by ARO, Inc. (a s u b s i d i a r y  of Sve rd rup  & P a r c e l  and A s s o c i a t e s ,  Inc. ), 
con t rac t  o p e r a t o r  of AEDC, AFSC, Arnold Ai r  F o r c e  Station, Tennes see .  
This  work was conducted under  ARO Pro jec t  Nos. VF278, VF478-13YA, 
and V32S-56A. The au thors  of this  r e p o r t  were  T. D. McCay and H. M. 
Powell ,  ARO, Inc . ,  and M. R. Busby,  consul tant  to ARO, Inc . ,  and 
A s s i s t a n t  P r o f e s s o r  of Mechanical  Engineer ing ,  T e n n e s s e e  State 
Univers i ty ,  Nashvi l le .  The m a n u s c r i p t  (ARO Control  No. A R O - V K F -  
TR-75-113)  was submi t ted  for  publ icat ion on June 30, 1975. 
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1.0 INTRODUCTION 

T h e r e  has been a cont inual  need for  a d iagnos t ic  technique  that  
can be used to study chemica l  p r o c e s s e s  in the r e ac t i ng  flow f ie lds  
of rocke t  engines .  This  need r e l a t e s  to such cons ide ra t ions  as engine 
p e r f o r m a n c e ,  r ad ia t ion ;  gas dynamic  i n t e r ac t i ons ,  and o the r s .  The 
p a r a m e t e r s  that  mos t  ful ly  spec i fy  the chemica l  p r o c e s s e s  in flow f ie lds  
as well as combust ion  chambers  a re  spec ies  dens i t i e s  (mole f rac t ions ) ,  
to ta l  t e m p e r a t u r e ,  and the ro t a t iona l  and v ib ra t iona l  t e m p e r a t u r e s  of 
the cons t i tuents .  Var ious  d iagnos t ic  techniques  indiv idual ly  or  col-  
l e c t i ve ly  qualify as potent ia l ly  useful  tools  for  m e a s u r e m e n t  of these  
p a r a m e t e r s .  However,  s ince  it has been sugges ted  (Ref. 1) that  m i n o r  
cons t i tuents  may  play an impor tan t  ro l e  in some of the obse rvab le  
effects  r e l a t i n g  to the c h a r a c t e r i s t i c  p e r f o r m a n c e  of the tota l  p lume,  
an u l t ima te ly  s u p e r i o r  d iagnos t ic  technique for  spec ies  dens i ty  would 
be r e q u i r e d  to identify and m e a s u r e  spec ies  dens i ty  with except iona l  
dynamic  range .  This  r e q u i r e m e n t  in p a r t i c u l a r  makes  m a s s  s p e c t r o m -  
e t ry  an a t t r ac t i ve  technique.  Under sponso r sh ip  of the Defense  
Advanced R e s e a r c h  P r o j e c t s  Agency (DARPA), the in i t ia l  deve lopment  
of a m a s s  s p e c t r o m e t r y  technique for  the study of exhaust  p lumes  of 
r ocke t  engines  was under taken.  

The in i t i a l  objec t ive  of this  e x p e r i m e n t a l  r e s e a r c h  e f for t  was to 
exp lo re  and develop techniques  and s y s t e m s  which offer  p r o m i s e  in 
under s t and ing  ce r t a i n  p r o p e r t i e s  of high al t i tude rocke t  p lumes .  In 
p a r t i c u l a r ,  the p r inc ipa l  m e a s u r e m e n t  capabi l i ty  d e s i r e d  by DARPA was 
the de tec t ion  of un reac t ed  m i n o r  hyd roca rbon  spec ie s  in a rocke t  
exhaust .  The p r i m a r y  goals  of this  work were  to design,  cons t ruc t ,  
and tes t  a m a s s  s p e c t r o m e t e r  probe for  f a r f i e ld  dens i ty  m e a s u r e m e n t s .  
The des ign  c r i t e r i a  were  to be compat ib le  with t e s t s  to be conducted in 
the AEDC A e r o s p a c e  E n v i r o n m e n t a l  Chamber  (Mark I) of the yon 
Ks~rm~n Gas Dynamics  Fac i l i ty .  In p a r t i c u l a r ,  it was d e s i r e d  that  
meaningfu l  p lume m e a s u r e m e n t s  be made  for  a 75-1b- thrus t ,  mono.- 
m e t h y l h y d r a z i n e - n i t r o g e n  te t rox ide  rocke t  engine.  

The des igns  cons ide red  dur ing  the conceptual  phases  of this  ac t iv i ty  
had the benef i t  of p rev ious  expe r i ence  of s i m i l a r  work p e r f o r m e d  in the 
AEDC Aerospace  Chamber  (10V) of the von K~rm~n Gas Dynamics  
Fac i l i t y .  The r e s u l t s  of th is  e a r l i e r  work,  coupled with the poten t ia l  
Mark I u t i l i za t ion  of the f in ished  product ,  were  mos t  s ign i f ican t  in 
d e t e r m i n i n g  the u l t ima te  conf igura t ion .  The high al t i tude and f a r f i e ld  
cons t r a in t s  r e s u l t e d  f r o m  an a t tempt  to avoid c e r t a i n  sampl ing  and 
pumping p rob l ems  that  would ce r t a in ly  have exis ted  with probe  loca t ions  

/ 
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too n e a r  the nozzle  exi t  or  with l i m i t e d  t e s t  c h a m b e r  pumping speeds .  
The f i r s t  r e q u i r e m e n t  was that  a con ta ine r  (probe) with in t e rna l  pump-  
ing was n e c e s s a r y  for  providing a ha rd  vacuum (10 -7 t o r r )  for  the  m a s s  
s p e c t r o m e t e r  head. Thus,  the s ign i f i can t  c o n s i d e r a t i o n s  were  the 
d e t e r m i n a t i o n  of a method of pumping for  the probe and a p r e f e r r e d  
s ampl ing  s c h e m e  to i n su re  that  the s amp le  ana lyzed  by the m a s s  
s p e c t r o m e t e r  was r e p r e s e n t a t i v e  of the plume cons t i tuen t s .  

E a r l i e r  10V c h a m b e r  work (Ref. 2) u t i l i zed  a diffusion pump, LN 2, 
and LHe pumping media ,  the LN 2 s e rv ing  to pump high t e m p e r a t u r e  
(>77°K) condensab les  and as a sh roud  for  the LHe pump. Th i s  had two 
s e r i o u s  d i s advan tages :  (1) the probe was l a r g e ,  awkward,  and r e q u i r e d  
mul t ip le  u t i l i t i e s  and (2) the addi t ional  d i f f icul ty  of handl ing l iquid  
he l ium.  The l a t t e r  was fe l t  to be an i m p o r t a n t  c o n s i d e r a t i o n  for  Mark I 
app l i ca t ions  because  of the l a r g e  chamber  s i ze  and the long t r a n s f e r  
d i s t ance  r e q u i r e d  if LHe were  again  used in a r e d e s i g n e d  probe .  It was 
thus d e t e r m i n e d  that  a p r e f e r r a b l e  probe conf igura t ion  would be one 
us ing  GHe (or LH 2 if des i r ed )  as a pumping med ium with CO 2 c r y o s o r p -  

t ion pumping for  the  hydrogen  p r e s e n t  as a p lume cons t i tuent .  The 
fol lowing advantages  a re  r e a l i z e d :  (1) s m a l l e r  probe s ize  and c l e a n e r  
des ign ,  (2) s i m p l e r  and cheape r  ope ra t ion  (no LHe r equ i r ed ) ,  and (3) 
LH 2 may  be used  as an a l t e r n a t e  c ryogen.  

2.0 PROBE DESIGN 

In o rde r  to p r o p e r l y  des ign  a probe which wil l  y i e ld  meaningfu l  
dens i ty  m e a s u r e m e n t s ,  one should know the rocke t  p lume cons t i tuen t s ,  
the p e r f o r m a n c e  c h a r a c t e r i s t i c s  of the rocke t  motor ,  the magni tude  
of probe  ef fec ts ,  and the vacuum chamber  p e r f o r m a n c e  dur ing  f i r ing .  
Based  on that  knowledge,  the s i ze  and pos i t ion ing  of a probe may  be 
de t e rmined .  

2.1 ROCKET PLUME CONSTITUENTS 

The rocke t  engines  to be used in the p roposed  p lume t e s t s  u t i l i ze  
m o n o m e t h y l h y d r a z i n e  (MMH), NH2NHCH 3, as  the fuel  and n i t r o g e n  
t e t rox ide ,  N204,  as the ox id ize r .  The t h e o r e t i c a l  comple te  combus t ion  
compos i t ion  of these  p rope l l an t s  is g iven  in Table  1. Since combus t ion  
is  usual.ly not comple te ,  v a r y i n g  amounts  of fuel  {mo lecu l a r  weight  = 
46) and ox id i ze r  (mo lecu l a r  weight  = 92) may  a l so  be p r e sen t .  Approx i -  
m a t e l y  16 pe rcen t  of the exhaus t  is  composed of hydrogen;  thus,  a 
su i t ab le  hydrogen  pumping method mus t  be i nco rpo ra t ed  into the probe 
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d es ig n .  All  o t h e r  p l u m e  c o n s t i t u e n t s  a r e  c r y o p u m p e d  at t e m p e r a t u r e s  
r a n g i n g  f r o m  77°K to 20°K. 

Table 1. Theoretical Plume Composition for Complete Combustion 

C o m p o n e n t  Mole  F r a c t i o n  M o l e c u l a r  Weight 

H20 0.3343 18 

N 2 0.3075 28 

CO 0.1287 28 

H 2 0.1576 2 

CO 2 0 . 0 4 0 1  44 

OH 0.0111 17 

H 0 . 0 1 7 9  1 

O 2 O.OOO7 32 

NO 0.  0013 30 

O 0 .OOO8 16 

2.2 PERFORMANCE CHARACTERISTICS FOR A 75-LB-THRUST ENGINE 

The  d i m e n s i o n s  and o p e r a t i n g  c h a r a c t e r i s t i c s  fo r  a 75-1b t h r u s t  
M M H / N 2 0 4  eng ine  t e s t e d  in the  Mark  I v a c u u m  c h a m b e r  a r e  g i v e n  in  
TaMe  2. Impac t  p r e s s u r e  m e a s u r e m e n t s  at v a r i o u s  l o c a t i o n s  down-  
s t r e a m  of the  ex i t  p lane  w e r e  t aken  d u r i n g  a r o c k e t  f i r i ng .  The  
e x p e r i m e n t a l  r e s u l t s  a r e  r e c o r d e d  in  TaMe  3. 

The  p r o b e  d e s i g n  was b a s e d  on the  7 5 - 1 b - t h r u s t  eng ine  c h a r a c t e r i s -  
t i c s  when  o p e r a t e d  in the  Mark  I c h a m b e r .  The  p r o b e  could t h e n  be 
e m p l o y e d  in o t h e r  c h a m b e r s  f o r  s a m p l i n g  p l u m e s  of e n g i n e s  s m a l l e r  in 
t h r u s t  than  75 lb.  
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Table 2. 75-1b-Thrust .Rocket Engine Characteristics 

T h r o a t  d i a m e t e r  

E x i t  d i a m e t e r  

E x p a n s i o n  r a t i o  

E x p a n s i o n  t y p e  

C o m b u s t i o n  c h a m b e r  p r e s s u r e  

E x i t  p l a n e  s t a t i c  p r e s s u r e  

S t a g n a t i o n  t e m p e r a t u r e  

Vacuum c h a m b e r  b a c k g r o u n d  p r e s s u r e  

0 . 5 1 8  i n .  

3 . 2 7 5  i n .  

4 0 : 1  

C o n i c a l  

1 2 , 6 5 0  t o r t  

1 9 . 6 5  t o r r  

-~3,000°K 

2 . 2  x 10 - 2  t o r r  

Table 3. 75-1b-Thrust Engine Centerline Impact Pressure Measurements 

X, P i / P o  P i '  Mach N u m b e r ,  
i n .  t o r r  T = 1 . 2 8  

24  1 . 5  x 10  - 3  19 8 . 4 5  

36 5 x 10 - 4  6 . 3  1 0 . 0 2  

48  3 x 10  - 4  3 . 8  1 0 . 8  

60 1 . 8  x 10  - 4  2 . 3  1 1 . 7  

72 1 . 2  x 1 0 -  4 1 . 5 2  1 2 . 4  

84  9 x 1 0 -  5 1 . 1 4  1 2 . 9 6  

9 6  7 x 10  - 5  0 . 8 9  1 3 . 4  

108  5 x 10 - 5  0 . 6 3  1 4 . 1  

120 3 . 8  x 10  - 5  0 . 4 8  1 4 . 7  

132 3 . 2  x 10 - 5  0 . 4 0  1 5 . 0 8  

X = D i s t a n c e  d o w n s t r e a m  f r o m  e x i t  p l a n e  
Po = S t a g n a t i o n  c h a m b e r  p r e s s u r e  
P i  = I m p a c t  p r e s s u r e  

10 
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2.3 MASS-SAMPLING CONSIDERATIONS 

P r i o r  to e s t a b l i s h i n g  exact  d i m e n s i o n s  and c h a r a c t e r i s t i c s  of the  
m a s s  s p e c t r o m e t e r  probe,  s e v e r a l  p rob lem a r e a s  had to be inves t iga t ed .  
The i n s e r t i o n  of a probe into a flow f ie ld n e c e s s a r i l y  g e n e r a t e s  i n t e r a c -  
t ions  be tween the probe and flow. F o r  p r o p e r  s ampl ing ,  t hese  i n t e r a c -  
t ions  mus t  e i t he r  be e l im ina t ed  or  compensa ted  for  dur ing  da ta  r e d u c -  
t ion.  The i n t e r a c t i o n s  may  affect  the m a s s  s p e c t r o m e t e r  m e a s u r e m e n t s  
in two spec i f i c  ways ,  the probe  may induce changes  in r e l a t i v e  and 
absolute  spec i e s  n u m b e r  d e n s i t i e s  a n d / o r  in the s p e c i e s  ve loc i ty  d i s t r i b u -  
t ions .  Unfor tuna te ly ,  c a l i b r a t i ons  cannot s u c c e s s f u l l y  r e c o v e r  exact  
n u m b e r  dens i ty  or ve loc i ty  d i s t r i bu t ion  data  f r o m  m e a s u r e m e n t s  af fected 
by probe f low-f ie ld  i n t e r a c t i o n s .  It is thus d e s i r a b l e  to at l e a s t  m i n i -  
mize ,  if not e l im ina t e ,  the i n t e r ac t i ons  in ques t ion .  

The two s k i m m i n g  s y s t e m s  capable  of r educ ing  i n t e r a c t i o n  ef fec ts  
a r e  a c y r o g e n i c a l l y  pumping s k i m m e r  and a s l e n d e r  nonpumping s k i m m e r .  
Both s y s t e m s  were  examined  for  t h e i r  app l i cab i l i ty  to spec i f i c  s i tua t ions .  

2.3.1 Shock-Induced Mass Separation 

A l a r g e  number  of e x p e r i m e n t a l  i nves t i ga t i ons  des igned  to m e a s u r e  
m a s s  s e p a r a t i o n  ef fec ts  in h i g h - s p e e d  flow f ie lds  have been c a r r i e d  out. 
I n  many  cases ,  m a s s - s a m p l i n g  probes  were  i n s e r t e d  into the flow and the 
cap tured  gas  ana lyzed  to d e t e r m i n e  the r e l a t i v e  s p e c i e s  concen t r a t i ons .  
In a l a r g e  pe r cen t age  of the e x p e r i m e n t s ,  the s e p a r a t i o n  ef fec ts  of the 
probe  r e s u l t e d  in comple te ly  mask ing  the f low-f ie ld  s e p a r a t i o n  e f fec t s .  
In an e a r l y  e x p e r i m e n t  for  example ,  Chow (Ref. 3) r e p o r t e d  tha t  in the 
dfffusi~ve s e p a r a t i o n  of b ina ry  m i x t u r e s  in f r e e  j e t s ,  the heavy spec ie  
was p redominan t  in a l l  r eg ions  of the je t .  The p rope r  conclus ion  was 
that  the s ampl ing  probe Chow employed produced s t rong  ve loc i ty  g r a -  
d ien ts  {shocks) at the probe en t rance .  The l igh t  spec ie ,  n i t rogen ,  was 
m o r e  capable  of fol lowing t he se  s t rong  g r a d i e n t s  around the probe  than 
the heavy spec ie ,  oxygen. Hence,  the heavy spec ie  was a lways  p r e d o m -  
inant  ins ide  Chow's  s ampl ing  probe.  More  c u r r e n t  e x p e r i m e n t s ,  such  
as the ones by Rothe {Refo 4) for  he l ium and a rgon  m i x t u r e s ,  have d e m -  
o n s t r a t e d  the effect  of n o r m a l  shocks  on m a s s  s e p a r a t i o n  by employ ing  
e l e c t r o n  beam probing of the flow ins ide  a shock holder .  T h e s e  e x p e r i -  
men t s  d r a m a t i c a l l y  d e m o n s t r a t e  the l ight  spec ie  deple t ion.  

Due to t he se  cons ide ra t i ons ,  the e l im ina t i on  of a n o r m a l  shock at 
the probe s ampl ing  o r i f i ce  mus t  be achieved in o r d e r  to i n su re  a p r o p e r  
r e p r e s e n t a t i o n  of p lume cons t i tuen ts .  Since the probe is  to s a m p l e  in 

]] 
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the  f a r f i e l d ,  the  concep t  of a t h in  n o r m a l  shock  at  the  s k i m m e r  i s  
i n a p p l i c a b l e .  N e v e r t h e l e s s ,  the  g r a d i e n t s  i n t r o d u c e d  fo r  e v e n  t h i ck  
shock  s y s t e m s  a r e  s u f f i c i e n t  to b i a s  the  p r o b e  wi th  r e g a r d  to the  v e r y  
l i gh t  s p e c i e s  of i n t e r e s t  s u c h  as  h y d r o g e n  and the  l i gh t  h y d r o c a r b o n s .  

2.3.2 Velocity Distribution Alteration due to Shock Waves 

The  t i m e - o f - f l i g h t  v e l o c i t y  t e c h n i q u e  (Ref. 5) m a y  be e m p l o y e d  wi th  
a m a s s  s p e c t r o m e t e r  type  p robe  to ob ta in  the  v e l o c i t y  d i s t r i b u t i o n  of 
the  m o l e c u l e s  e n t e r i n g  the  p r obe .  F r o m  the v e l o c i t y  d i s t r i b u t i o n  i t  i s  
p o s s i b l e  to ob ta in  the  f low p a r a l l e l  s t a t i c  t e m p e r a t u r e  componen t ,  and in  
the  c a s e  of cold  f low,  to d e t e r m i n e  p lume  s t a g n a t i o n  t e m p e r a t u r e s .  
C o m b u s t i o n  c h a m b e r  t e m p e r a t u r e  m e a s u r e m e n t s  a r e  not  f e a s i b l e  b e c a u s e  
of the  n o n e q u i l i b r i u m  flow p r e s e n t  in  a r o c k e t  m o t o r .  

If s h o c k s  e x i s t  at  the  s k i m m e r  e n t r a n c e  to the  p r o b e ,  the  t e m p e r a -  
t u r e s  a r e  r a i s e d  upon c r o s s i n g  t h e s e  s h o c k s  and no r e l i a b l e  m e a s u r e  of 
s t a t i c  ga s  t e m p e r a t u r e  can  be ob ta ined .  

2.3.3 Internal Mass Separation 

The  p r i n c i p l e  on wh ich  the  m a s s  s p e c t r o m e t e r  p r o b e  i s  b a s e d  is  t ha t  
i t  p e r f o r m s  as  a m o l e c u l a r  b e a m  s y s t e m .  The  p robe  m a i n t a i n s  a v e r y  
low i n t e r n a l  p r e s s u r e  wh i l e  i m m e r s e d  in a p lume .  The  p r o b e - s a m p l i n g  
o r i f i c e  s k i m s  off a p o r t i o n  of the  p lume  and f o r m s  an i n t e r n a l  m o l e c u l a r  
b e a m .  When  a m u l t i s p e c i e d  m o l e c u l a r  b e a m  is  f o r m e d ,  the  b e a m  s p e c i e s  
a r e  known  to s p r e a d  at d i f f e r e n t  r a t e s  b e c a u s e  of the  d i f f e r e n c e s  in  t h e i r  
m o l e c u l a r  w e i g h t s .  S t e p h e n s o n  (Ref.  6) h a s  t a k e n  a d v a n t a g e  of t h i s  
e f f ec t  in the  u s e  of h e a t e d  h y d r o g e n - a r g o n  expansion-q to p roduce  v e r y  h igh  
e n e r g y  a r g o n  b e a m s .  

The  a m o u n t  of s e p a r a t i o n  of the  l i gh t  s p e c i e  in  the  p r o b e  fo r  a 
b i n a r y  m i x t u r e  m o l e c u l a r  b e a m  is  p r o p o r t i o n a l  to the  d i s t a n c e  f r o m  the  
s k i m m e r  to the  ion  s o u r c e  and i n v e r s e l y  p r o p o r t i o n a l  to the  s q u a r e  r o o t  
of the  s p e c i e s  m o l e c u l a r  weight .  S ince  the d i s t a n c e  i s  the  only  a d j u s t a b l e  
p r o b e  p a r a m e t e r ,  it shou ld  be kep t  at  the  m i n i m u m  p r a c t i c a l  l eng th .  

2.3.4 External Scattering in Rarefied Flow 

S k i m m e r  e f f e c t s  upon m o l e c u l a r  b e a m  p a r a m e t e r s  a r e  a m a j o r  con-  
s i d e r a t i o n  in any  m o l e c u l a r  b e a m  e x p e r i m e n t .  In the  c a s e  of c o n s t i t u -  
ency  m e a s u r e m e n t s ,  u n l e s s  the  s p e c i e s  a r e  c o n d e n s e d ,  the  s k i m m i n g  
p r o c e s s  i s  a p r o b l e m  only  w h e n  a shock  is  f o r m e d  at the  s k i m m e r  or  w h e n  

12 
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s a m p l i n g  v e r y  r a r e f i e d  r eg ions  where  the sp l a sh ing  of m o l e c u l e s  f r o m  
the s k i m m e r  s ign i f i can t ly  d e t e r i o r a t e s  the m o l e c u l a r  beam.  The ef fec ts  
of shocks  were  d i s c u s s e d  p r e v i o u s l y  in th is  r e p o r t .  F o r  the noncondensed  
case ,  as in mos t  po r t ions  of a rocke t  p lume,  t he r e  a r e  two so lu t ions  to 
the e x t e r n a l  b a c k s c a t t e r  p rob lem.  One is  to have a pumping s k i m m e r  
which al lows v e r y  l i t t l e  b a c k s c a t t e r .  Th i s  would be appl icable  to cont in-  
uum as well  as r a r e f i e d  flows but is  not a lways  f ea s ib l e  because  of i ts  
inab i l i ty  to pump a l l  spec i e s  well  or  to handle  e x c e s s i v e  heat  loads .  The 
second is  to ca l i b r a t e  the probe s y s t e m  by us ing flows of we]/ documented ,  
e a s i l y  va r i ed ,  number  dens i ty .  This  a l lows the s igna l  deg rada t ion  due to 
b a c k s c a t t e r  to be compensa ted  dur ing  data  a n a l y s i s .  In e i t he r  event ,  th i s  
m u s t  be cons ide red  dur ing  s k i m m e r  des ign.  

2.3.5 Internal Scattering 

Once the m o l e c u l a r  beam is f o r m e d  ins ide  the probe,  s c a t t e r i n g  
be tween the beam m o l e c u l e s  and the probe background m o l e c u l e s  m u s t  
be cons ide red .  P r e v i o u s  e x p e r i m e n t s  have shown that  once the probe  
background number  dens i ty  r e a c h e s  a g iven l eve l  the beam is degraded  
s ign i f i can t ly .  Th is ,  coupled with the o r d i n a r y  s i g n a l - t o - b a c k g r o u n d  
molecu le  noise  in the m a s s  s p e c t r o m e t e r ,  m a k e s  p r o p e r  i n t e r p r e t a t i o n  
of m a s s  s p e c t r o m e t e r  s igna l s  v e r y  diff icul t .  It has  been shown in a 
p r i o r  inves t iga t ion  (Ref. 2) that  th is  p rob l em can be comple te ly  neg lec ted  
if the probe  p r e s s u r e  (equivalent  to a beam t e s t  chambe r  p r e s s u r e )  is  
m a i n t a i n e d  in the 10 -7 t o r r  r ange .  

2.4 PROBE SIZING AND POSITIONING 

With r e g a r d  to the opt imum phys i ca l  s i ze  of the probe and i ts  pos i -  
t ion in the rocke t  plume,  s e v e r a l  c r i t e r i a  should be met .  If poss ib l e  
the probe should be (1) loca ted  in a r a r e f i e d  r eg ion  of the flow f ield,  
i. e . ,  where  the Knudsen  number  (K n) based  on s k i m m e r  d i a m e t e r  is  

g r e a t e r  than one; th is  loca t ion  should c r ea t e  only a s m a l l  flow d i s t u r -  
bance and a l so  would avoid any r e e x p a n s i o n  of the plume s a m p l e  a f t e r  
s k i m m i n g ,  (2) able to i n t e r n a l l y  pump the hydrogen  gas  load en t e r i ng  
the s k i m m e r ,  and (3) loca ted  u p s t r e a m  of the plume Mach disk.  In an 
a t t empt  to adhe re  to these  c r i t e r i a ,  the fol lowing ca lcu la t ions  were  

m a d e .  The Knudsen  number  is  g iven as 

K n = ~./DSK 
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w h e r e  k is  the  m e a n  f r e e  path at the  s k i m m e r  and DSK is  the  
d i a m e t e r  of the  s k i m m e r .  F o r  the  e x p a n s i o n  of a j e t  into a v a c u u m ,  
B o s s e l  (Ref. 7) g ives  the fo l lowing  r e l a t i o n s  fo r  the  m e a n  f r e e  path:  

(1 r-I ,_)2cy -', 
h/h ° = + ~ M (1) 

w 

w h e r e  k o  is  the  c o m b u s t i o n  c h a m b e r  m e a n  f r e e  pa th  

~J is  the  exponen t  in the v i s c o s i t y - t e m p e r a t u r e  r e l a t i o n  

~, is  the  s p e c i f i c  hea t  r a t i o  
M is the  Mach n u m b e r  

He a l so  found that  fo r  l a r g e  v a l u e s  of the  r a t i o  of d o w n s t r e a m  d i s t a n c e  
to n o z z l e  ex i t  d i a m e t e r  (X/De) ,  

A,.:A o = const (X."De) 2 [J-(y-l)(a)-0.5)] (9.) 

If i t  is  a s s u m e d  tha t  ~ = 0 .5  fo r  the  r o c k e t  p l u m e ,  t h e n  the  cons t an t  in 
Eq.  (2) m a y  be e v a l u a t e d  by equa t ing  Eqs .  (1) and (2) and u t i l i z i n g  the  
e x p e r i m e n t a l  data .  The  fo l lowing  a p p r o x i m a t i o n  fo r  the  m e a n  f r e e  
path r e s u l t s :  

A "" 3.91 Ao(X'De )2 

Since the plume consists of a mixture of gases, ~t o must be estimated. 
The combustion chamber mean free path is related to a reference mean 
free path at standard conditions by the following relation: 

---- ' • ,, r| q 

~'o Aref(Pref" Po)(1 o" ref ) 

I 

J _J 

where P r e f  = 760 t o r r  

Po = 12,650 t o r r  

T r e  f = 293OK 

T o = 3 ,000°K  

The mean molecular weight of the combustion products is approximately 
18 gm/mole. An examination of the mean free paths of various gases 
over a range of molecular weights indicated that an assumed value of 
kref = 10-5 cm would be reasonable at standard conditions. Therefore, 

with this assumption and the previous reference values, one obtains 
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A o = 6 x I0  "6 cm 

The e x p r e s s i o n  fo r  the mean  f r ee  path as a funct ion  of X/D e becomes  

A = 2.34 x I0 "5 (X/De) 2 

T h e r e f o r e ,  to i n su re  f r e e  m o l e c u l a r  flow, the probe  s i ze  and pos i t ion -  
ing should sa t i s fy  the fol lowing c r i t e r i o n :  

A 2.34 x 10 -5 (X/De) 2 

K n - - > l 
DSK DSK 

In o r d e r  to make  r e l i a b l e  m a s s  s p e c t r o m e t e r  m e a s u r e m e n t s ,  the 
i n t e rna l  probe p r e s s u r e  should be ma in ta ined  in the low 10 -7 t o r t  r ange .  
To prgv~'de the n e c e s s a r y  pumping speed and capaci ty ,  c r y o s o r p t i o n  
pumping (Ref. 8) at f r o s t  t e m p e r a t u r e s  l e s s  than 20°K may  be u t i l ized .  
All  p lume gases  with the except ion of hydrogen  a re  r e ad i l y  pumped on" 
these  c r y o s u r f a c e s ,  provided,  of course ,  that  the r e f r i g e r a t i o n  capa-  
ci ty of the pumping s y s t e m  is not exceeded.  Thus,  a t ten t ion  mus t  be 
focused  on the hydrogen  pumping r e q u i r e m e n t s .  Cons ide r  the fol lowing 
equal i ty :  

Apuni p x S 1 x Pp = Thruput 

where  A pump 

S 1 

P 
P 

is the i n t e rna l  probe pumping a r e a  

is ~ e  hydrogen  pumping speed ( e . g . ,  S 1 ~ 3 0 £ / s e c  
cm using CO 2 as the c r y o s o r b e n t  at 12°K, Ref. 8) 

is the de s i r ed  in t e rna l  probe p r e s s u r e  ( -10  -7 t o r r )  

The thruput  is given by: 

Thruput = rhRT = P s  ASK MSK v'yRTs 

where  Ps is  the s t a t i c  p r e s s u r e  at the s k i m m e r  

ASK is the c r o s s - s e c t i o n a l  a r e a  of the s k i m m e r  

MSK is the loca l  Mach  number  at the s k i m m e r  

R is the gas constant. 
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The  Mach n u m b e r  at a g iven  c e n t e r l i n e  p o s i t i o n  m a y  be e s t i m a t e d  
f r o m  the  ava i l ab l e  e x p e r i m e n t a l  da ta  (Table  3) and the  o t h e r  f low quan -  
t i t i e s  (which a r e  func t ions  of the  Mach n u m b e r )  can be found f r o m  the  
a p p r o p r i a t e  gas  t a b l e s .  Thus ,  the  l o c a t i o n  of t he  p r o b e  in the  p l u m e  
and the  d i m e n s i o n s  shou ld  s a t i s fy  the  fo l lowing  r e l a t i o n :  

Apump x S 1 x Pp = PsASK MS K X/y--~s 

In o r d e r  to avoid  add i t iona l  po t en t i a l  d i f f i c u l t i e s  in  ob ta in ing  a p l u m e  
s a m p l e ,  the p r o b e  m u s t  be l o c a t e d  u p s t r e a m  of the  p l u m e  Mach d i sk .  
The  Mach d i sk  l o c a t i o n  is  g i v e n  as  (Ref. 9) 

where XMd 

r e 

Pe 

XMd/r e = ] .~  M e v'yPe,' ~ 

i s  the  ax ia l  d i s t a n c e  f r o m  the  n o z z l e  exi t  p l ane  to the  
Mach d i sk  

is  the  n o z z l e  ex i t  r a d i u s  

is  the  exi t  s t a t i c  p r e s s u r e  

is  the  v a c u u m  c h a m b e r  s t a t i c  p r e s s u r e .  

(3) 

When the  7 5 - 1 b - t h r u s t  eng ine  is  f i r e d  in  the  M a r k  I c h a m b e r ,  the  Mach  
d i sk  is l o c a t e d  at: 

XMd " 360.6 in. = 30.1 ft 

T h e s e  t h r e e  c r i t e r i a  w e r e  u t i l i z e d  in d e t e r m i n i n g  the  s i z e  and p r o -  
s p e c t i v e  p o s i t i o n i n g  of the p robe .  Us ing  t r i a l  and e r r o r ,  the  fo l lowing  
d e s i g n  p a r a m e t e r s  and flow cond i t ions  of Tab le  4 w e r e  s e l e c t e d .  

Table 4. Design Parameters and Flow Conditions 

Skimmer  d i a m e t e r ,  DSK 2 mm 

I n t e r n a l  p r o b e  a r e a ,  Apump 1 , 1 2 5  cm 2 

P r o b e  l o c a t i o n ,  X 11 f t  ffi 335  cm 

K n u d s e n  n u m b e r ,  K n 7 . 6  

Mach n u m b e r ,  MSK 15 

S t a t i c  t e m p e r a t u r e ,  T s IO0°K 

S t a t i c  p r e s s u r e ,  Ps  2 x 10 - 3  t o r t  

I m p a c t  p r e s s u r e ,  P i  0 . 4  t o r r  
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Although  d e s i g n  c r i t e r i a  have  been  d e t e r m i n e d ,  the  ac tua l  p e r f o r -  
m a n c e  of the  p robe  can  only be found by e x p e r i m e n t a t i o n .  T h i s  i s  due 
to  the  u n c e r t a i n t y  in  the  e x p a n s i o n  c h a r a c t e r i s t i c s  and i n t e r a c t i o n s  of 
h igh  e n t h a l p y  p l u m e  g a s e s  wi th  c r y o g e n i c a l l y  cooled  s u r f a c e s  and the  
o p e r a t i n g  c h a r a c t e r i s t i c s  of s y s t e m  e l e c t r o n i c s .  T h e r e f o r e ,  two p robe  
d e s i g n s  w e r e  p r o p o s e d :  (1) a " f l a t - f a c e "  c r y o g e n i c  s k i m m e r  p robe  
(Fig .  1) and (2) a con ica l ,  w a r m  s k i m m e r  p robe  (Fig .  2). The  d e s i g n s  
con ta ined  the fo l lowing  f e a t u r e s :  

1. The  
(a) 

. 

. 

. 

(b) 

p r o b e  c h a m b e r  a s s e m b l y  c o n s i s t s  of t w o  p a r t s :  
S t a i n l e s s  s t e e l  c o n c e n t r i c  c y l i n d e r s  ( " f l a t - f a c e "  p robe)  
or  cones  ( con i ca l  probe)  in wh ich  g a s e o u s  h e l i u m  is  
c i r c u l a t e d .  T h i s  p robe  s e c t i o n  s e r v e s  not  only  as  the  
i n t e r n a l  but  a l so  as  an e x t e r n a l  pump.  
An uncoo led  c y l i n d r i c a l  s t a i n l e s s  s t e e l  s h e l l  on wh ich  
the  m a s s  s p e c t r o m e t e r  and an ion gage  a r e  moun ted .  
T h i s  s e c t i o n  is  c o m p a t i b l e  wi th  e i t h e r  the  c y l i n d r i c a l  
o r  con ica l  cooled  s e c t i o n s  of (a). 
The  two s e c t i o n s  a r e  ~oined by s t a i n l e s s  s t e e l  f l a n g e s  
s e p a r a t e d  by a K e l - F  ~ g a s k e t .  The  d e s i g n  a l l ows  
e a s y  a c c e s s  to the  e l e c t r o n i c  c o m p o n e n t s  as  we l l  as  
p r e v e n t i n g  s u b l i m a t i o n  of pumped  p lume  g a s e s  f r o m  
i n t e r m e d i a t e  t e m p e r a t u r e  s u r f a c e s .  

E a c h  p r o b e  has  a c a r b o n  d ioxide  i n j e c t o r  tube  wh ich  i s  
u t i l i z e d  in  CO 2 add i t ion  fo r  c r y o s o r p t i o n  p u m p i n g  of h y d r o g e n .  

E a c h  p r o b e  con t a in s  an  EAI q u a d r u p o l e  m a s s  s p e c t r o m e t e r  
wi th  an  o f f se t  e l e c t r o n  m u l t i p l i e r  and an  ion gage  fo r  
i n t e r n a l  b a c k g r o u n d  p r e s s u r e  m o n i t o r i n g .  

The  
and 
(a) 

two p r o b e  g e o m e t r i e s  have  t h e i r  own unique  a d v a n t a g e s  
d i s a d v a n t a g e s :  
The  " f l a t - f a c e "  d e s i g n  a l l ows  the  m a s s  s p e c t r o m e t e r  
i o n i z a t i o n  s e c t i o n  to be p o s i t i o n e d  v e r y  n e a r  the  
s k i m m e r  e n t r a n c e  and thus  m i n i m i z e s  a l i g n m e n t  
e r r o r ,  b e a m  s c a t t e r i n g ,  and i n t e r n a l  m a s s  s e p a r a t i o n .  
The  u s e f u l n e s s  of t h i s  p robe  wi l l  be l i m i t e d  by 
pumping  b r e a k d o w n  on the f l a t - f a c e  in the  p r e s e n c e  
of e x c e s s i v e  e x t e r n a l  hea t  l o a d s .  T h i s  l i m i t  m u s t  be 
d e t e r m i n e d  e x p e r i m e n t a l l y .  

17 



AE DC-TR-76-55 

utsch Connector 

geI-F Gastel 

~-- lon Gale 

GHe 
In OqJl 

- - ~ "  . . . . . . . . . .  "~,",~--I I I  Ii ~- 4k 1.4 I 
I r l P t r  I i 
~- . . . . . . . . .  -~,PJL__J 
I 
I i-J 

~ -  Quadrupole Mass Spectrometer 
with Offset Electron Multiplier 

Figure 1. Schematic of flat4ace probe. 
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Figure 2. Schematic of conical probe. 
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(b) The conica l  face probe would tend to r educe  the ex-  
t e r n a l  s ca t t e r i ng  in r eg ions  of high impac t  p r e s s u r e .  
The 30-deg,  th in -wa l l ed  s k i m m e r  t ip was f a b r i c a t e d  
by e l ec t rop la t ing  n icke l  onto an a luminum pa t t e rn  
and then d i sso lv ing  the a luminum in a sodium hydrox -  
ide solut ion.  The s k i m m e r  was then so lde r ed  to 
the s t a i n l e s s  s t ee l  conica l  sec t ion .  This  conf igura -  
t ion had the poss ib le  d i sadvantage  of having i n t e r -  
media te  t e m p e r a t u r e  su r f ace s  n e a r  the s k i m m e r  t ip  
which could i n t e r f e r e  with in t e rna l  s ample  col lec t ion  be-  
cause  of sca t t e r ing ,  hence a s k i m m e r  hea t e r  was added. 

One of the goals  of th is  r e s e a r c h  was to e x p e r i m e n t a l l y  c o m p a r e  
the ope ra t iona l  c h a r a c t e r i s t i c s  of these  two p robes .  Sect ion 3 .0  wil l  
d i scuss  the methodology and p r o c e d u r e s  used in the compa r i son ,  and 
Sect ion 4 .0  will  p r e s e n t  the expe r imen t a l  r e s u l t s  fo r  f r e e - j e t  s ampl ing  
of cold flows (300°K). 

2.5 INSTRUMENTATION DESIGN CONSIDERATIONS 

The i n s t r u m e n t a t i o n  s y s t e m s  of i n t e r e s t  were  those  deal ing  with 
the m a s s  s p e c t r o m e t e r  head and probe suppor t  i n s t rumen ta t i on .  

The m a s s  s p e c t r o m e t e r  was a c o m m e r c i a l  v e r s i o n  of the quadrupole .  
S tandard  quadrupole  e l e c t r o n i c  packages  were  thus used,  cons i s t ing  of 
ion source  and power  suppl ies  and e m m i s s i o n  c o n t r o l l e r s ,  quadrupole  and 
power supply (RF/DC),  and pa r t i c l e  m u l t i p l i e r  and high vol tage power  
supply.  Because  of the ant ic ipa ted  sweep r a t e s  and the TOF ve loc i ty  
m e a s u r e m e n t ,  s ignal  ampl i f i ca t ion  f r o m  the p a r t i c l e  m u l t i p l i e r  was 
r equ i r ed .  F o r  f r equency  r e s p o n s e  purposes  and high gain  r e q u i r e m e n t s  
a l a r g e  m u l t i p l i e r  load r e s i s t o r  and p r e a m p l i f i e r  had to be phys i ca l l y  
loca ted  at the l a s t  dynode. An FET  input ope ra t iona l  a m p l i f i e r  with a 
gain of ten  was used for  th is  appl ica t ion  and loca ted  within the vacuum 
sys t em.  

The m e t a s t a b l e  ve loc i ty  m e a s u r e m e n t  appl ica t ion  r e q u i r e d  puls ing  
the e l e c t ron  gr id .  This  was imp lemen ted  by placing in s e r i e s ,  between 
power  supply and the gr id ,  the s econda ry  of a pulse  t r a n s f o r m e r .  The 
power  supply vol tage  was p laced s l igh t ly  below th re sho ld  and pulsed 
with a R u t h e r f o r d ~ p u l s e  g e n e r a t o r  a c r o s s  the t r a n s f o r m e r  p r i m a r y .  
The length  of the f i l t e r  sec t ion  plus the s e p a r a t l o n  of the quadrupole  and 
m u l t i p l i e r  a p e r t u r e s  was t aken  as the f l ight  d i s tance .  The p r e a m p l i f i e r  
ment ioned  above, with a band width in excess  of 1 MHz would be ade-  
quate for  dens i ty  or  ve loc i ty  m e a s u r e m e n t s .  

]9 
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Support ing i n s t r u m e n t a t i o n  cons i s t ed  of probe  t e m p e r a t u r e  and 
p r e s s u r e - m e a s u r i n g  s y s t e m s .  Convent ional  t h e r m o c o u p l e s  were  used  
down to c ryogen ic  t e m p e r a t u r e s .  In the c ryogen ic  r ange  (< 30°K), 
t h e r m i s t o r s  mounted in copper  b locks  th rough  which the s y s t e m  c r y o -  
gen p a s s e d  were  used in both input and r e t u r n  coolant  l i n e s .  C a l i b r a -  
t ions  were  r e q u i r e d  for  these  dev ices .  

A Gene ra l  E l e c t r i c  Ion Gage was used for  probe p r e s s u r e  m e a s u r e -  
men t s .  This  s e l e c t i o n  provided  for  p r e s s u r e  m e a s u r e m e n t s  f r o m  100 
~Hg and lower .  In addit ion,  u t i l i za t ion  of t he se  gages  provided a 
m e c h a n i s m  for  m a s s  s p e c t r o m e t e r  au tomat ic  shutdown in the case  of 
e x c e s s i v e  probe p r e s s u r e s .  The gage was p h y s i c a l l y  loca ted  in the aft 
end of the probe,  i . e . ,  the w a r m  sec t ion ,  and thus gave a w o r s t  case  
p r e s s u r e  r ead ing  s ince  the p r inc ip le  par t  of the head a s s e m b l y  was 
loca ted  in the c ryogen ic  sec t ion  and expe r i enced  a l ower  than ind ica ted  
p r e s s u r e .  

3.0 EXPERIMENTAL PROCEDURE 

The e x p e r i m e n t a l  cold flow t e s t ing  of the conica l  and " f l a t - f a c e "  
p robes  was conducted in the Ae rodynamic  Molecu la r  B e a m  Chamber  
(Fig.  3) and the 4- by 10-ft R e s e a r c h  C h a m b e r  (Fig.  4). The ope ra t i on -  
al c h a r a c t e r i s t i c s  and pumping capab i l i t i e s  of t hese  c h a m b e r s  have 
been d i s c u s s e d  in de ta i l  e l s e w h e r e  (Refs.  10 and 11). Sui table  probe 
mount ing dev ices  were  des igned  and bui l t  for  both t e s t  ce l l s .  An e x p e r -  
ime n t a l  plan cons i s t ing  of s i x  s teps  was in i t i a ted :  

Step 1: 

Step 2: 

Step 3: 

Step 4: 

Step 5: 

Step 6: 

Eva lua te  the hydrogen  so rp t i on  pumping capab i l i ty  
of ca rbon  dioxide in the probe.  

Eva lua te  s y s t e m  r e s p o n s e  for  a p lume s amp le  us ing  
(a) an easily pumped gas (e. g., N 2 or Ar) and (b) a 
hydrogen  mix tu r e .  

Eva lua te  probe  p e r f o r m a n c e  for  va r i ous  impac t  
p r e s s u r e s  a n d / o r  heat  loads .  

Eva lua t e  the i n t e r f e r e n c e  to plume s amp l ing  by 
the invas ion  of background gas  both i n t e r n a l  and 
e x t e r n a l  to the probe.  

D e t e r m i n e  each p r o b e ' s  ope ra t i ona l  r a n g e s  and 
l i m i t s .  

Based  on cold flow e x p e r i m e n t s ,  des ign  a new probe 
for  ac tua l  t e s t ing  in a rocke t  exhaus t  plume.  
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F o r  an e x p e r i m e n t a l  t e s t  r u n  the  b a s i c  p r o c e d u r e  was  as  fo l l ows :  

1. The  v a c u u m  c h a m b e r  and p r o b e  w e r e  e v a c u a t e d  wi th  
me  c h a n i c a l  and d i f fus ion  p u m p s .  

2. The  c h a m b e r  and p robe  w e r e  cooled  down s i m u l t a n e o u s l y  
wi th  g a s e o u s  h e l i u m .  T h e  GHe flow r a t e  t h r o u g h  the  
p r o b e  could be v a r i e d  wi th  a c r y o g e n i c  t h r o t t l i n g  va lve .  

3. The  c a r b o n  d iox ide  c r y o s o r b e n t  was  s l o w l y  d e p o s i t e d  
i n t e r n a l l y  to the  p r o b e ,  e . g . ,  P C O  2 = 10 -4 t o r t ,  f o r  
a p p r o x i m a t e l y  f ive  m i n u t e s .  

4. If l i qu id  h e l i u m  pumping  w e r e  u n a v a i l a b l e ,  t hen  c a r b o n  
d iox ide  was  s l o w l y  d e p o s i t e d  on the  e x t e r n a l  g a s e o u s  
h e l i u m  s u r f a c e s  at  r a t e s  s i m i l a r  to  t ha t  g i v e n  in  No. 3.__ 

5. The  m a s s  s p e c t r o m e t e r  wi th  i t s  a s s o c i a t e d  e l e c t r o n i c s  and 
the r e m a i n i n g  c h a m b e r  i n s t r u m e n t a t i o n  w e r e  a c t i v a t e d .  

6. The  p a r t i c u l a r  e x p e r i m e n t  of i n t e r e s t  was  t hen  p e r f o r m e d .  

4.0 PROBE PERFORMANCE IN COLD FLOWS 

4.1 FLAT-FACE PROBE 

T h e  i n i t i a l  t e s t i n g  of the  " f l a t - f a c e "  p robe  was  c a r r i e d  out in  the  
A e r o d y n a m i c  M o l e c u l a r  B e a m  C h a m b e r .  S teps  1 t h r o u g h  5 of Sec t ion  
3 .0  w e r e  p e r f o r m e d  in tha t  c h a m b e r .  

4.1.1 Probe-Pumping Evaluation 

An e x p e r i m e n t a l  e v a l u a t i o n  of the  p robe  pumping ,  i nc lud ing  c a r b o n  
d iox ide  c r y o s o r p t i o n ,  was  m a d e .  The  r e s u l t s  a r e  s u m m a r i z e d  in F i g s .  
5 t h r o u g h  7. F i g u r e s  5 and 6 r e p r e s e n t  da t a  ob ta ined  by b l e e d i n g  h y d r o -  
gen  in to  the  v a c u u m  c h a m b e r  b a c k g r o u n d .  F o r  the  c a s e  p r e s e n t e d  in  
F ig .  5, no CO 2 was  p r e d e p o s i t e d .  When  h y d r o g e n  was  i n t r o d u c e d  into  
the  b a c k g r o u n d ,  the  p r o b e  i n t e r n a l  p r e s s u r e  was  i d e n t i c a l  to the  c h a m b e r  
p r e s s u r e .  H o w e v e r ,  a f t e r  the  i n t e r n a l  p r e d e p o s i t i o n  of CO 2 fo r  f ive  
m i n u t e s  at  a p robe  p r e s s u r e  of 10 -4 t o r r ,  the  r e s u l t s  w e r e  r a d i c a l l y  
d i f f e r e n t  (F ig .  6). As the  v a c u u m  c h a m b e r  a p p r o a c h e d  10 -4 t o r t  of 
h y d r o g e n ,  the  p r o b e  p r e s s u r e  r e m a i n e d  u n c h a n g e d  at 10 -7 t o r r .  The  
r e s u l t s  of t h e s e  e x p e r i m e n t s  c o n f i r m e d  the  n e c e s s i t y  of c r y o s o r p t i o n  
pumping  fo r  t e s t i n g  of g a s e s  wi th  s i g n i f i c a n t  h y d r o g e n  conten t .  
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The t yp i ca l  pumping p e r f o r m a n c e  of the f l a t - f a c e  probe dur ing  f r e e -  
je t  s amp l ing  of s e v e r a l  sou rce  g a s e s  is  p r e s e n t e d  in Fig .  7. The 
i n t e r n a l  probe  p r e s s u r e  behav io r  is  p r e s e n t e d  as  a funct ion of impac t  
p r e s s u r e  at the s k i m m e r  en t r ance .  The p r o b e - p u m p i n g  s y s t e m  is s een  
to p e r f o r m  wel l  ( r ema in ing  on the 10 -7 t o r t  sca le)  for  the pure  g a s e s  
but dev ia tes  s i gn i f i can t ly  for  the hydrogen  m i x t u r e .  

4.1.2 Plume-Sampling Measurements 

Probe  p e r f o r m a n c e  m e a s u r e m e n t s  were  i n i t i a l l y  made  for  e a s i l y  
pumped g a s e s ,  i . e . ,  n i t rogen  and argon.  Typ ica l  r e s u l t s  a r e  p r e s e n t e d  
in F i g s .  8 and 9 along with the co r r e spond ing  va lues  of t e s t  c h a m b e r  
and i n t e r n a l  probe  p r e s s u r e .  The v a r i a t i o n  of m a s s  s p e c t r o m e t e r  s igna l  
fo r  i n c r e a s e s  in sou rce  s t agna t ion  p r e s s u r e  is  b a s i c a l l y  l i n e a r  unti l  
condensa t ion  of the t e s t  gas  occu r s  at l a r g e  s t agna t ion  p r e s s u r e s  (Ref. 
12). T h e s e  r e s u l t s  ind ica te  that  the probe funct ioned s a t i s f a c t o r i l y  for  
t hese  p a r t i c u l a r  s o u r c e  condi t ions  and s e p a r a t i o n  d i s t a n c e s .  

Having e s t a b l i s h e d  the p r o b e ' s  ab i l i ty  to s a m p l e  e a s i l y  pumped g a s e s ,  
hydrogen  m i x t u r e s  were  tes ted .  Typ i ca l  r e s u l t s  for  a s i m u l a t e d  rocke t  
p lume (51 -pe rcen t  N 2, 2 7 - p e r c e n t  H 2 and 2 2 - p e r c e n t  CO) a r e  shown in 
Fig.  10 for  va r ious  n o z z l e - p r o b e  s e p a r a t i o n s .  A decided i m p r o v e m e n t  
was d e m o n s t r a t e d  for  the p e r f o r m a n c e  when CO2 was depos i ted  on the 
f ront  face.  The m a x i m a  seen  in each curve  can be a t t r ibu ted  to pumping 
b reakdown on the f ron t  face .  Mach disk  i n t e r f e r e n c e  can be ru led  out 
s ince ,  a l though it does cont r ibute  for  the cases  without CO 2 addit ion,  it 
does not occur  for  the o the r  case  and the s a m e  behav io r  is  d e m o n s t r a t e d .  

In an ef for t  to s i m u l a t e  a m i n o r  spec ie  p lume component ,  a 1 -pe rcen t  
concen t r a t i on  of a rgon  was added to a s i m i l a r  gas  m i x t u r e ,  i . e . ,  27- 
pe r cen t  H 2, 5 1 - p e r c e n t  N2, 2 1 - p e r c e n t  CO and 1 - p e r c e n t  Ar.  Some 
r e s u l t s  a r e  shown in Fig .  11. The a rgon  s igna l  was m o n i t o r e d  as the 
s t agna t ion  p r e s s u r e  was i n c r e a s e d ,  and once aga in  a b reakdown in the 
curve  was obse rved .  Apparen t ly ,  at th i s  point the inc ident  gas  load 
exceeds  the pumping capac i ty  of the probe .  

One addi t ional  m i x t u r e  (20 -pe rcen t  H 2, 80 -pe rcen t  CO 2) was i n v e s -  
t iga ted .  Typ ica l  r e s u l t s  a r e  p r e s e n t e d  in Fig.  12. Once a g a i n ,  the 
probe p e r f o r m a n c e  was l i n e a r  unt i l  pumping b reakdown o c c u r r e d .  

4.1.3 Calculation of Impact Pressures at Pumping Breakdown 

The impac t  p r e s s u r e s  which c o r r e s p o n d  to the m a x i m a  of the probe  
p e r f o r m a n c e  cu rves  of Sect ion  4 . 1 . 2  m a y  be ca lcu la ted  us ing  the r e l a -  
t ion of S h e r m a n  and Ashkenas  (Ref. 13), i . e . ,  
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r__ , _  
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w h e r e  P i  

Po 

A 

X 

D 

x; 

is the  i m p a c t  p r e s s u r e ,  

is  the  s t a g n a t i o n  p r e s s u r e ,  

is  the  r a t i o  of s p e c i f i c  h e a t s ,  

i s  a c o n s t a n t  ( = 3 . 6 5 f o r 7  = 1.4) (= 3 .96  f o r 7  = 1 .2857) ,  

is  the  n o z z l e - s k i m m e r  s e p a r a t i o n  d i s t a n c e ,  

is the  n o z z l e  d i a m e t e r ,  and 

is the  d i s t a n c e  to a v i r t u a l  " s o u r c e "  but is  n e g l i g i b l e  
f o r  t h e s e  c a l c u l a t i o n s .  

F o r  the  c u r v e s  of F igs .  10 and 11 the  r e l a t i o n  r e d u c e s  to 

Pi/Po ~ 0.556 (X/D) "2 (y = 1.4) 

and fo r  F ig .  12, 

Pi/Po ~ 0.523 (X/D) "2 (), = 1.28) 

Thus ,  the  i m p a c t  p r e s s u r e  at pumping  b r e a k d o w n  in  Fig .  10 at X = 10 in. 
and a CO 2 f r o s t  e x t e r n a l l y  d e p o s i t e d  is  1 x 10 -4 t o r t .  F o r  F ig s .  11 and 
12 the  i m p a c t  p r e s s u r e s  a r e  8 .23  x 10 -4 t o r t  and 2 .86  x 10 -3 t o r r ,  r e s -  
p e c t i v e l y .  Unfo r tuna t e ly ,  t h e s e  i m p a c t  p r e s s u r e s  fo r  wh ich  an u n d i s -  
t u r b e d  s a m p l e  m a y  be t a k e n  a r e  n e a r l y  two o r d e r s  of m a g n i t u d e  l o w e r  
than  tha t  to be e n c o u n t e r e d  d u r i n g  the  r o c k e t  f i r i n g  if the  p r o b e  is  p o s i -  
t i oned  11 ft f r o m  the  75 -1b - th rus t  r o c k e t  exi t  p lane .  H o w e v e r ,  ff a 
1 - 1 b - t h r u s t  eng ine  is u s e d  (Po = 90 ps i ,  D T h r o a t  = 0 .09  in. )° the  p r o b e  
could be p o s i t i o n e d  at 10.2 ft and be wi th in  the  r a n g e  of u n d i s t u r b e d  
s a m p l i n g .  

4.2 CONICAL-FACE PROBE 

The  p e r f o r m a n c e  t e s t i n g  of the  con ica l  s k i m m e r  p r o b e  was  conduc t ed  
in the  4-  by 10-f t  R e s e a r c h  Vacuum C h a m b e r .  The  s a m e  e x p e r i m e n t a l  
p r o c e d u r e  tha t  was  ou t l ined  fo r  the  f l a t - f a c e  p r o b e  was  e m p l o y e d  in 
eva lua t i ng  the  con i ca l  p r o b e  p e r f o r m a n c e .  
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4.2.1 Probe-Pumping Evaluation 

The i n t e r n a l  pumping s y s t e m  for  the two probes  d i f f e r s  due to the 
shape of the s y s t e m s  only. Since the con i ca l - f aced  probe  has  m o r e  
i n t e r n a l  s u r f a c e  a r ea ,  i t  was expected to p o s s e s s  a h ighe r  pumping speed.  

F i g u r e  13 p r e s e n t s  r e p r e s e n t a t i v e  pumping data  for  the conica l  
probe  for  pure  n i t rogen  and s e v e r a l  H2, CO 2 m i x t u r e s .  The cu rves  p r e -  
sen ted  for  the hydrogen  m i x t u r e s  when no CO 2 was p r edepos i t ed  would 
d e m o n s t r a t e  the l ower  deg ree  of pumping even m o r e  d r a s t i c a l l y  except  
that  the CO 2 in the m i x t u r e s  gave a s e l f - p u m p i n g  c h a r a c t e r  to the gas .  
The l ower  va lues  of probe  p r e s s u r e  for  a g iven impac t  p r e s s u r e  ind ica te  
the con i ca l - f ace  p r o b e ' s  s u p e r i o r  pumping abi l i ty .  The impac t  p r e s s u r e  
is  a good ind ica to r  of the m a s s  f lux into the probe  and s ince  it is  e a s i l y  
ca lcu la ted  or  m e a s u r e d  (1Ref. 13), i t  is the coord ina te  choice for  p r e s e n -  
ta t ion  of the pumping data.  
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4.2.2 Plume-Sampling Measurements 

F o l l o w i n g  the s a m e  g e n e r a l  a p p r o a c h  t a k e n  fo r  the  f l a t - f a c e  p r o b e ,  
the  s a m p l i n g  ab i l i t y  of the  con ica l  p robe  was  i n i t i a l l y  i n v e s t i g a t e d  fo r  
m o r e  e a s i l y  pumped  g a s e s .  T y p i c a l  r e s u l t s  fo r  n i t r o g e n  a r e  p r e s e n t e d  
in F i g s .  14 and 15. The  d i f f e r e n c e  in  m a g n i t u d e s  of the  m a s s  s p e c t r o m -  
e t e r  output  s i g n a l s  in  the  two f i g u r e s  is  r e l a t e d  to v a r i a t i o n  in m a s s  
s p e c t r o m e t e r  s e t t i n g s  and s e n s i t i v i t y  s h i f t s .  When q u a n t i t a t i v e  m e a s u r e -  
m e n t s  a r e  to be m a d e ,  the  m a s s  s p e c t r o m e t e r  m u s t  be c a l i b r a t e d  i m m e -  
d i a t e l y  p r i o r  to the  d a y ' s  e x p e r i m e n t  to c o m p e n s a t e  f o r  t h i s  p r o b l e m .  
The  da ta  fo r  the  two f i g u r e s  a r e  s e e n  to p o s s e s s  good q u a l i t a t i v e  
a g r e e m e n t .  

R e p r e s e n t a t i v e  r e s u l t s  fo r  s a m p l i n g  m i x t u r e s  con t a in ing  h y d r o g e n  
a r e  d e m o n s t r a t e d  in F i g s .  16 and 17. The  da t a  f o r  the  1 - p e r c e n t  H 2. 
9 9 - p e r c e n t  CO 2 d e m o n s t r a t e  the  ab i l i t y  to m o n i t o r  a m i n o r  s p e c i e  which  
is  not we l l  s u i t e d  to m a s s  s p e c t r o m e t e r  d e t e c t i o n .  In g e n e r a l ,  the  
d e t e c t i o n  of s m a l l  h y d r o g e n  p e a k s  i s  v e r y  d i f f i cu l t  and r e q u i r e s  m a x i m u m  
s e n s i t i v i t y  of the  q u a d r u p o l e .  Ab i l i t y  to d e t e c t  s u c h  a s m a l l  quan t i t y  of 
H 2 and r e t a i n  the  CO 2 peak  r e s o l u t i o n  r e a f f i r m e d  the  p r o b e ' s  a p p l i c a b i l i t y  
fo r  m i n o r  s p e c i e  s a m p l i n g  of a r o c k e t  e x h a u s t  p l u m e .  

4.2.3 Impact Pressures at Pumping Breakdown 

The  i m p a c t  p r e s s u r e  at  w h i c h  " p u m p i n g  b r e a k d o w n "  o c c u r s  v a r i e s  
f r o m  one da t a  s e t  to the  o the r .  The  v a r i a t i o n  of the  b r e a k d o w n  p r e s s u r e  
~vas i n f luenced  by the  c h a n g e s  in the  amoun t  of coo lan t  f low,  the  v a r i a t i o n  
of the  CO 2 f r o s t  ( r e g a r d l e s s  of how c a r e f u l l y  depos i t ed ) ,  c h a m b e r  b a c k -  
g round  p r e s s u r e ,  and o t h e r s .  Al though  in p r i n c i p l e  none of t h e s e  excep t  
the  coo lan t  flow shou ld  be s i g n i f i c a n t ,  the  c o m b i n e d  c o n t r i b u t i o n  of s u c h  
p a r a m e t e r s  is  i m p o s s i b l e  to p r e d i c t .  It i s  f e l t  t ha t  the  coo lan t  f low r a t e  
was  the  p r i m a r y  c o n c e r n .  A s m a l l  change  in the  g a s e o u s  h e l i u m  flow to 
the  p robe  can  p r o d u c e  a s i g n i f i c a n t  g r a d i e n t  a c r o s s  the  C ? ~  s o r b e n t .  
T h i s  can  a f fec t  the  h y d r o g e n  pumping  wh ich  could l e a d  to p u m p i n g  
b r e a k d o w n ,  " in  r e a l i t y  a p o s s i b l e  m i s n o m e r  s i n c e  i n t e r n a l  s c a t t e r i n g  
could be the ca us e .  The  exac t  p r e c i p i t a t o r  of the  pumping  b r e a k d o w n  
fo r  the  con i ca l  p robe  is  u n d e t e r m i n a b l e  at p r e s e n t .  

The  i m p a c t  p r e s s u r e s  at  b r e a k d o w n  w e r e  a p p r o x i m a t e l y  3 . 5  x 10 -2 
t o r t  f o r  n i t r o g e n  and 1.35 x 10 -2 t o r r  fo r  the  h y d r o g e n  m i x t u r e s .  T h e s e  
i m p a c t  p r e s s u r e s  a r e  as  m u c h  as  two o r d e r s  of m a g n i t u d e  g r e a t e r  t han  
t h o s e  t o l e r a t e d  by the  f l a t - f a c e  c o n f i g u r a t i o n .  Hence ,  the  con i ca l  p robe  
i s  c apab l e  of s a m p l i n g  in  a h i g h e r  i m p a c t  p r e s s u r e  e n v i r o n m e n t  t han  i s  
the  f l a t - f a c e  p r o b e .  T h i s  was  to be e x p e c t e d  s i n c e  w a r m  c o n i c a l  s k i m -  
m e r s  a r e  g e n e r a l l y  c h o s e n  fo r  s a m p l i n g  h i g h - p r e s s u r e  f low f i e l d s .  
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In the 75-1b- thrus t  rocke t  engine plume the conica l  probe  would be 
incapable  of handling the impact  p r e s s u r e  at 11.2 ft. However ,  at a 
l oca t ion  jus t  ins ide  the Mach disk the conica l  probe could poss ib ly  s amp le  
and m e a s u r e  p r o p e r l y  the cons t i tuency  of the 75-1b- thrus t  engine plume.  
F o r  s m a l l e r  engines ,  the conical  probe would def in i te ly  be capable  of 
m a s s  sampl ing  the plume.  

4.3 MASS SPECTROMETER PERFORMANCE 

The m a s s  s p e c t r o m e t e r  s y s t e m  employed  in both the p robes  included 
an EAI ® pole sec t ion ,  an RF  power  supply and a s soc i a t ed  e l e c t r o n i c s ,  an 
E x t r a n u c l e a r  L a b o r a t o r i e s  ® ion ize r  a s s e m b l y  with its a s soc i a t ed  e l e c t r o -  
n ics ,  and an E x t r a n u c l e a r  L a b o r a t o r i e s  pa r ax i a l  e l e c t r o n  m u l t i p l i e r  
s y s t e m  with a high vol tage  supply.  A photograph  of the m a s s  s p e c t r o m e -  
t e r  a s s e m b l y ,  its mount ,  and the two probes  is p r e sen t ed  as Fig.  18. 

Figure 18. Mass spectrometer, probe and assembly. 

4.3.1 Ionizer for Mass Filter Assembly 

The axial  i on i ze r  is des igned spec i f i ca l ly  fo r  ioniz ing m o l e c u l a r  beams .  
The beam en t e r s  on the g e o m e t r i c a l  axis  of the i on i ze r  and quadrupole  
as shown in Fig.  19. While in the ionizing reg ion ,  the beam p a s s e s  along 
the axis of a cy l i nd r i ca l  g r id  which a c c e l e r a t e s  e l ec t rons  towards  the axis  
f r o m  four  f i l amen t s  which f o r m  a squa re  su r round ing  the gr id .  E x t r e m e l y  
high e m i s s i o n  c u r r e n t s  a re  poss ib le  f r o m  such an a r r a n g e m e n t .  The ions 
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a re  f o r m e d  wi th in  the  c y l i n d r i c a l  g r i d  s t r u c t u r e  and a r e  d r a w n  out fo r  
f o c u s i n g  by the  po ten t i a l  app l i ed  to the  a d j a c e n t  a p e r t u r e d  p la te .  The  
e l e c t r o n  b e a m  t r a v e r s e s  a d i a m e t e r  of the  ion r e g i o n  and i n t e r a c t s  with 
the  n e u t r a l  s a m p l e  caus ing  ion iza t ion .  Ions f o r m e d  i n s i d e  the  ion r e g i o n  
a r e  e x t r a c t e d  in the  d i r e c t i o n  of the  n e u t r a l  b e a m  on the  i o n i z e r - q u a d r u p o l e  
axis  and t h r o u g h  the  ion op t i c s .  The  s a m p l e  b e a m  f r o m  the a e r o d y n a m i c  
s o u r c e  t r a v e r s e s  the  e n t i r e  l e n g t h  of the  i o n i z e r - f i l t e r - m u l t i p l i e r  a s s e m b l y .  

Axial Configuration 

Filament~k ~ ~- Lens Assemilll Rods 

~ - M o l e c u l a r  Beam a 

Figure 19. Ionizer construction for the mass spectrometer 
assembly used in the molecular beam chamber. 

The  ion op t ica l  l e n s e s  con ta in  an i m p o r t a n t  e l e c t r o n  b a r r i e r .  In a 
conven t iona l  i o n i z e r ,  e l e c t r o n s  f r o m  the  ion iz ing  b e a m s  can s c a t t e r  
f r o m  r e s i d u a l  gas  and t r a v e l  a long the  m a s s  f i l t e r  ax is .  T h e i r  s p e e d  is  
s u c h  that  they  can c o m p l e t e l y  t r a v e r s e  the m a s s  f i l t e r  d u r i n g  t h o s e  two 
t i m e s  in e a c h  R F  cyc le  when  the  f i e ld s  i n s i d e  the  m a s s  f i l t e r  a p p r o a c h  
z e r o .  At the  end  of the  q u a d r u p o l e  the  e l e c t r o n s  can i on i ze  r e s i d u a l  
g a s e s  i m m e d i a t e l y  b e f o r e  the  m u l t i p l i e r ,  p r o d u c i n g  an un tunab le  n o i s e  
t h roughou t  the  e n t i r e  m a s s  s p e c t r u m .  H o w e v e r ,  the  e l e c t r o n  b a r r i e r  in 
i o n i z e r s  p r e v e n t s  such  e l e c t r o n s  f r o m  e n t e r i n g  the m a s s  f i l t e r  in the  
f i r s t  p l ace ,  p r o d u c i n g  a s i gn i f i c an t  i m p r o v e m e n t  in s i g n a l - t o - n o i s e  r a t i o .  

Operation of the ion source was investigated and signal to noise max- 
imized at the desired electron energy of 75 volts. 

4.3.2 Quadrupole Cracking Patterns 

A difficulty encountered whenever a mass spectrometer is required to 
sample a multispecie gas is the extraneous signals introduced at a given 
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m a s s  n u m b e r  due to f r a g m e n t a t i o n  of h e a v i e r  s p e c i e s  in the  ion  s o u r c e .  
The  e n s e m b l e  of m a s s  peaks  c r e a t e d  when  a m o l e c u l e  f r a g m e n t s  due to an 
e l e c t r o n  c o l l i s i o n  in the  ion s o u r c e  is  t e r m e d  the  c r a c k i n g  p a t t e r n .  The  
d i s s o c i a t i o n  c r o s s  s e c t i o n  fo r  a g iven  m o l e c u l e  m a y  be a s i g n i f i c a n t  p e r -  
c e n t a g e  of the  i o n i z a t i o n  c r o s s  s e c t i o n  and h e n c e  the  d a u g h t e r  peaks  b e -  .... 
c o m e  qui te  l a r g e  wi th  r e s p e c t  to the  p a r e n t .  L a r g e  d a u g h t e r  c o n t r i b u -  
t i ons  at the  m a s s  l o c a t i o n  of a n o t h e r  p a r e n t  c o n f u s e s  the i n t e r p r e t a t i o n  
of tha t  p a r t i c u l a r  peak.  In the  c a s e  of a r o c k e t  p l u m e  wi th  a l a r g e  n u m -  
b e r  of s p e c i e s ,  i nc lud ing  m a n y  l igh t  h y d r o c a r b o n s  r e s u l t i n g  f r o m  fue l  
f r a g m e n t s ,  da ta  i n t e r p r e t a t i o n  may  b e c o m e  v e r y  d i f f icu l t .  If the  c r a c k -  
ing p a t t e r n s  of m o s t  s p e c i e s  p r e s e n t  a r e  known,  h o w e v e r ,  a c o r r e c t  in -  
t e r p r e t a t i o n  of a c o m p l i c a t e d  m a s s  s p e c t r a  is p o s s i b l e .  In s o m e  in -  
s t a n c e s  c r a c k i n g  m a y  e v e n  be b e n e f i c i a l  as in the  c a s e  of N 2 and CO 
which  have  the  s a m e  p a r e n t  m a s s  but whose  d a u g h t e r s  a l low quan t i t a t i ve  
e v a l u a t i o n  of the  m a s s  28 peak .  

In g e n e r a l ,  the  c r a c k i n g  p a t t e r n s  fo r  m o s t  l igh t  h y d r o c a r b o n s  and 
m a n y  of the  c o m m o n  g a s e s  have  b e e n  d o c u m e n t e d  as  func t i ons  of e l e c t r o n  
e n e r g y  by the  A m e r i c a n  P e t r o l e u m  Ins t i tu te .  It a p p e a r e d  f r o m  the  pub-  
l i s h e d  da t a  (Ref. 14) tha t  the  m a s s  s p e c t r o m e t e r  ion s o u r c e  could be 
o p e r a t e d  at low enough  e l e c t r o n  e n e r g i e s  to e l i m i n a t e  a g r e a t  dea l  of the  
c r a c k i n g .  S ince  no q u a d r u p o l e  da ta  w e r e  ava i l ab l e  it was  n e c e s s a r y  to 
ob ta in  c r a c k i n g  p a t t e r n s  f o r  the  q u a d r u p o l e  s y s t e m  fo r  at l e a s t  r e p r e s e n -  
t a t i ve  g a s e s  and c o m p a r e  t h e m  to the  API  m a g n e t i c  s e c t o r  v a l u e s .  

R e s e a r c h  g r a d e s  of m e t h a n e ,  a c e t y l e n e ,  e t h y l e n e ,  and p r o p y l e n e  
w e r e  s u b j e c t e d  to v a r i o u s  ion  s o u r c e  e l e c t r o n  e n e r g i e s  and the  m a s s  
s p e c t r a  r e c o r d e d .  T a b l e s  5 t h r o u g h  8 p r e s e n t  the  c r a c k i n g  p a t t e r n s  of 
t h o s e  fou r  g a s e s  f o r  v a r i o u s  e l e c t r o n  e n e r g i e s .  Inc luded  in e a c h  t ab . e  
is  the  a c c e p t e d  API  v a l u e s  fo r  the  p a r t i c u l a r  gas .  Al though exac t  a g r e e -  
m e n t  does  not  ex i s t ,  the  s t a n d a r d  p a t t e r n s  a r e  a p p r o x i m a t e d  by t h o s e  of 
the  q u a d r o p l e  s y s t e m .  The  low e l e c t r o n  e n e r g y  r e s u l t s  do i n d i c a t e  the  
f e a s i b i l i t y  of s imp l i fy ing  the  c r a c k i n g  p a t t e r n s .  

The  s i m i l a r i t y  of the  q u a d r u p o l e  l igh t  h y d r o c a r b o n  c r a c k i n g  p a t t e r n s  
p e r m i t t e d  e m p l o y m e n t  of the  s t a n d a r d  p a t t e r n s  fo r  da ta  r e d u c t i o n .  Add i -  
t iona l  g a s e s  s tud i ed  (air ,  n i t r o g e n ,  c a r b o n  m o n o x i d e ,  and c a r b o n  d ioxide)  
a l so  v e r i f i e d  the app l i cab i l i t y  of the  s t a n d a r d  p a t t e r n s .  
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Table 5. Methane Cracking Pettems 

Gas: 

M o l e c u l a r  w e i g h t :  

P u r i t y :  

E l e c t r o n  E n e r g y ,  v 

Mass Number 

I 

12 

13 

14 

15 

16 

17 

Methane ,  CH 4 

16 

9 9 . 9 6  p e r c e n t  

S i g n a l  R e l a t i v e  t o  P a r e n t  

20 50 70 I00  API Va lue  

O. 003 

0 .355  

1 .0  

0. 020 

70 

0 . 0 1 5  

0 .015  0 .025  0 .045  0 . 0 3 0  

0 .05  0 .045  0 .065  0 .065  

0 .125  0 .115  0 .130  0 .014  

0 .675  0 .73  0 .72  0 .83  

1 . 0  1 .0  1 .0  1 . 0  

0 .025  0 . 0 2  0 .025  0 .015  

Table 6. 

Gas: 

M o l e c u l a r  w e i g h t :  

P u r i t y :  

Acetylene Cracking Patterns 

A c e t y l e n e ,  C2H 2 

26 

9 9 . 6  p e r c e n t  

S . igna l  R e l a t i v e  t o  P a r e n t  

E l e c t r o n  E n e r g y ,  v 20 30 40 70 

Mass Number 

2 O. 02 O. 02 0 .03  O. 026 

12 0 .005  0 .03  0 . 0 3 5  

13 0 .02  0. 085 O. 09 

14 0 .01  0 .02  0 . 0 2  

24 0 .03  0. 075 O. 08 

25 0 .22  0 .21  0 .21  

26 1 .0  1 . 0  1 .0  1 .0  

27 

API Va lue  
70 

O. 02 

O. 05 

0 .055  

0. 206 

1 . 0  

0. 025 
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Table 7. Ethylene Cracking Pattems 

Gas: E t h y l e n e ,  C2H 4 

M o l e c u l a r  w e i g h t :  28 

P u r i t y :  99 .98  p e r c e n t  

S i g n a l  R e l a t i v e  t o  P a r e n t  

E l e c t r o n  Energy ,  v 15 20 30 40 70 API V a l u e  

?0 
Mass Number 

2 0 . 0 2  0 .025  0 . 0 2 5  

12 0 .05  0 .025  0 .025  

13 0 .03  0 . 0 8  

14 0 .08  0 . 0 7 5  0 . 0 6  

24 0 . 0 4 5  0 . 0 5  0 .03  

25 0 .03  0 .05  0 . 0 7  0 .105  

26 0 . 2 0  0 .48  0 .58  0 . 4 6 5  0 . 5 8 5  

27 0 .215  0 .52  0 .59  0 .465  0 .605  

28 1 .0  1 .0  1 .0  1 , 0  1 .0  1 . 0  

29 0 .02  0 .02  0 .02  0 .02  0 .02  

Table 8. Propylene Cracking Pattems 

Gas:  P r o p y l e n e ,  C3H 6 

M o l e c u l a r  w e i g h t  : 42 

P u r i t y :  99 .99  p e r c e n t  

S i g n a l  R e l a t i v e  t o  P a r e n t  

E l e c t r o n  E n e r g y ,  v 20 30 40 70 

Mass Number 

15 O. 095 

19 0 .21  

26 0 .005  0 .175  

27 0 .155  0.665 0 .58  0 .686  

37 0 .035  0 .155  

38 0 .04  0 .14  0 .285  

39 0 . 7 5  0 .895  0 .865  

40 0 . 2 0 0  0 .405  0..335 0 .355  

41 0 .76  1 .175  1 .335 1 .10  

42 1 .0  1 . 0  1 .0  1 . 0  

43 O. 06 O. 025 
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API Va lue  
70 

0 . 0 6 0  

O. 005 

0 . 1 2 5  

O. 495 

O. 165 

0 . 2 5 5  

0 . 9 9 5  

0 . 4 0  

1 .450  

1 . 0  

0 .015  
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4.3.3 Effects of Long RF Lines 

One cons ide ra t i on  that  mus t  be given to the m a s s  s p e c t r o m e t e r  is i ts  
ope ra t ion  with extended l ine  length.  S tandard  came lengths  for  mos t  
appl ica t ions  a re  app rox ima te ly  10 ft,  cons ide rab ly  l e s s  than that  r e q u i r e d  
for  plume chamber  i n s t a l l a t i ons  such as would be n e c e s s a r y  in the Mark 
I chamber .  Convent ional  i n s t a l l a t i ons  usua l ly  r e s o l v e  H (1 ainu) as the 
lowes t  de tec tab le  m a s s  number .  Because  of the r a d i o - f r e q u e n c y  (RF) 
po ten t ia l s  r e q u i r e d ,  extended cables  in c u r r e n t  c o m m e r c i a l  des igns  shif t  
the opera t ing  f r equency  to a l ower  value unt i l  the lowes t  de tec tab le  m a s s  
n u m b e r  is  g r e a t e r  than  that  of H 2 (2 ainu). F o r  mos t  rocke t  fue ls ,  
hydrogen  is one of the m a j o r  exhaust  cons t i tuen ts  and is ,  t h e r e f o r e ,  of 

f cons ide rab l e  i n t e r e s t  in plume t e s t s .  CaMe se l ec t ion  and cable rout ing  
i must  be chosen  to m i n i m i z e  the capac i tance  loading on the R F  tank c i r -  

cuits  to  ensu re  low m a s s  number  r e so lu t ion .  

,% c u r s o r y  e x p e r i m e n t a l  inves t iga t ion  was conducted to d e t e r m i n e  if 
s y s t e m  modi f i ca t ions  could be p e r f o r m e d  which would allow hydrogen  
r e s o l u t i o n  with long RF cables  (60 ft). The r e s u l t s  of these  e x p e r i m e n t s  
indica ted  that  p rope r  ion sou rce  and quadrupole  ope ra t ing  po ten t ia l s  
could be chosen which allow suff ic ient  s ens i t i v i t y  with acceptab le  r e s o l u -  
t ion.  However ,  it was a lways obse rved  that  the ope ra t ion  of the m a s s  
s p e c t r o m e t e r  s y s t e m  in t h e s e  modes  was subjec t  to be uns tab le  and 
r e q u i r e d  nea r l y  cons tant  changing of po ten t ia l s .  

4.4 ADDITIONAL PERFORMANCE CONSIDERATIONS 

Other  cons ide ra t i ons  bes ides  the probe and m a s s  s p e c t r o m e t e r  mus t  
be made  when sampl ing  cold or  hot flows f r o m  o r i f i c e - n o z z l e  conf igura -  
t ions .  Addi t ional  ef fects  of the gas sou rce  i t se l f ,  including spec ia l  pump-  
hug (such as hydrogen  pumping p rev ious ly  cons idered)  r e q u i r e m e n t s  and 
addi t ional  cons t i tuency  changes within the plume,  mus t  be taken  into 
account .  

4.4.1 Frost Poisoning 

The plume cons t i tuents  of a typ ica l  l iquid  rocke t  engine (Table 1) a r e  
al l  pumpable  on 20°K su r f ace s  if CO 2 is added to abso rb  the hydrogen.  
The m e c h a n i s m  for  abso rp t ion  is the adso rp t ion  onto the su r face  and 
diffusion into the po re s  of the CO 2 f ro s t  where  it adhe re s  to " s i t e s "  i n  
the f ros t .  Gases  o ther  than  hydrogen  can a lso  adso rb  and diffuse into 
the CO 2 and occupy these  s i t e s ,  thus e f fec t ive ly  l imi t ing  the hyd rogen -  
pumping capac i ty  of the f ros t .  It is expected that  the h y d r o c a r b o n s  with 

38 



AEDC-TR-76-55 

high  d i f fu s ion  c o e f f i c i e n t s  m a y  " p o i s o n "  the  CO 2 f r o s t  and s i g n i f i c a n t l y  
l i m i t  the  m a s s  s p e c t r o m e t e r  p r o b e ' s  h y d r o g e n - p u m p i n g  capab i l i t y .  In 
an e f fo r t  to i n v e s t i g a t e  th i s  e f fec t ,  CO 2 f r o s t s  w e r e  c o n t a m i n a t e d  wi th  
m e t h a n e  gas  in m o l a r  amoun t s  equ iva l en t  to the  CO 2 i t s e l f .  H y d r o g e n  
was  b led  into the  p robe  fo r  t h e s e  f r o s t s  at m e a s u r e d  f low r a t e s .  A c o m -  
p a r i s o n  of the  p robe  p r e s s u r e s  fo r  the  c o n t a m i n a t e d  f r o s t s  wi th  t h o s e  fo r  
u n c o n t a m i n a t e d  f r o s t s  r e v e a l e d  no s i g n i f i c a n t  d i f f e r e n c e s .  T h e  m e t h a n e  
a p p a r e n t l y  p o s s e s s e s  a h y d r o g e n - p u m p i n g  c a p a b i l i t y  s i m i l a r  to  CO 2. 
E x a m i n a t i o n  of the  e x p e c t e d  c o n s t i t u e n t s  r e v e a l s  tha t  this.  i s  t r u e  of 
s e v e r a l  of the  p l u m e  g a s e s  (Ref. 8) and, t h e r e f o r e ,  f r o s t  p o i s o n i n g  m a y  
not be a s i g n i f i c a n t  p r o b l e m .  

4.4.2 Diffusive Separation in Sonic Orifice Flows 
f .  

The  son i c  o r i f i c e  f r e e - j e t  e x p a n s i o n  i s  a wel l  d o c u m e n t e d  f low f i e ld  
(Ref.  13) which  is  v e r y  a d v a n t a g e o u s  fo r  c a l i b r a t i o n  of i n s t r u m e n t s  s u c h  
as  the m a s s  s p e c t r o m e t e r  p r o b e s .  N u m e r o u s  e x p e r i m e n t a l  da ta  p r e -  
s e n t e d  in t h i s  r e p o r t  have  been  fo r  s o n i c  o r i f i c e  e x p a n s i o n s .  The  a d v a n -  
t age  of the  f i e ld  is  the  ab i l i t y  to e a s i l y  d e t e r m i n e  f l o w - f i e l d  p r o p e r t i e s  
by t h e o r e t i c a l  m e a n s .  In s o n i c  o r i f i c e  e x p a n s i o n s  of m i x t u r e s ,  the  
r e l i a b i l i t y  of t h e s e  c a l c u l a t i o n s  i s  a l s o  good excep t  in i n s t a n c e s  w h e r e  
d i f fu s ive  s e p a r a t i o n  or  b a c k g r o u n d  gas  i n v a s i o n  e f f e c t s  t end  to d i s t o r t  
the  s p e c i e s  c o n c e n t r a t i o n s  wi th in  the  je t .  The  f i r s t  of t h e s e  t o p i c s  wi l l  
be d i s c u s s e d  in th i s  s e c t i o n .  

S h e r m a n  (Ref. 15) i n t r o d u c e d  the t h e o r y  of d i f fu s ive  s e p a r a t i o n  in  
b i n a r y  gas  m i x t u r e s  in wh ich  he expanded  a l l  the flow q u a n t i t i e s  in  an  
a s y m p t o t i c  s e r i e s  in  i n v e r s e  p o w e r s  of the  R e y n o l d s  n u m b e r .  A d e p l e -  
t ion  of the  l i gh t  s p e c i e s  a long  the c e n t e r l i n e  of a f r e e  je t  was  p r e d i c t e d  
and h a s  s u b s e q u e n t l y  been  e x p e r i m e n t a l l y  v e r i f i e d  (Refs .  4 and 16). 
The  c a l i b r a t i o n  gas  m i x t u r e s  of i n t e r e s t  in  th i s  i n v e s t i g a t i o n  w e r e  b i n a r y  
and t e r n a r y .  The  l igh t  s p e c i e ,  h y d r o g e n ,  p o s s e s s e s  a v e r y  low m o l e -  
c u l a r  weigh t  and i s  e a s i l y  s e p a r a t e d  f r o m  the r e m a i n d e r  of the  m i x t u r e .  
H o w e v e r ,  if nozz l e  (or  o r i f i c e )  s t a g n a t i o n  R e y n o l d s  n u m b e r s  a r e  kep t  at  
3 , 000  and above ,  the  dev i a t i on  of ga s  c o n s t i t u e n t s  f r o m  the  p l e n u m  gas  
is  n e g l i g i b l e .  In the  c a l i b r a t i o n  r u n s  m a d e  u s ing  s o n i c  o r i f i c e  e x p a n s i o n s  
the  R e y n o l d s  n u m b e r  c r i t e r i a  was  a l w a y s  o b s e r v e d ,  thus  nega t i ng  d i f f u s i v e  
s e p a r a t i o n  e f f ec t s .  

4.4.3 Background Gas Invasion 

The  p r e m i s e  upon which  so  m u c h  r e l i a n c e  on f r e e - j e t  e x p e r i m e n t s  
i s  b a s e d  is  t ha t  the i s e n t r o p i c  co re  of the  j e t  i s  c o m p l e t e l y  ob l iv ious  to 
the  s u r r o u n d i n g  b a c k g r o u n d  p r e s s u r e  as  long  as the  b a c k g r o u n d  p r e s s u r e -  
t o - j e t  s t a g n a t i o n  p r e s s u r e  r a t i o  is  low enough  to p e r m i t  e x i s t e n c e  of the  
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j e t  at  al l .  Hence  a t r u e  zone  of s i l e n c e  e x i s t s  in  the  f r e e  j e t ,  and the  
c e n t e r l i n e  f low q u a n t i t i e s  in the  i n v i s c i d  co re  a r e  c o m p l e t e l y  i n d e p e n -  
dent  of th  e b a c k g r o u n d  p r e s s u r e .  R o g e r  C a m p a r g u e  and h i s  c o l l e a g u e s  
(Refs .  17 t h r o u g h  19) have  e x a m i n e d  m o l e c u l a r  b e a m s  s k i m m e d  f r o m  
f r e e - j e t  c e n t e r l i n e s  and conc luded  tha t  fo r  g i v e n  p r e s s u r e  r a n g e s  t h i s  
is  not  n e c e s s a r i l y  the  c a s e .  In Ref.  19 C a m p a r g u e  i n d i c a t e s  tha t  o v e r  
the  b a c k g r o u n d  p r e s s u r e  r a n g e  of 10 -2 t o r t  to  1 t o r r  the  f r e e - j e t  shock  
s t r u c t u r e  i s  p o r o u s  wi th  r e s p e c t  to the  b a c k g r o u n d  g a s .  It was  not  
i n d i c a t e d ,  h o w e v e r ,  o v e r  what  r a n g e  of s o u r c e  cond i t ions  t h i s  app l i ed .  
S ince  a n t i c i p a t e d  b a c k g r o u n d  p r e s s u r e s  could r e a c h  t h e s e  l e v e l s ,  e x p e r -  
i m e n t s  w e r e  c a r r i e d  out in  an a t t e m p t  to d e t e r m i n e  if t h i s  r e g i m e  was  
of i m p o r t a n c e  f o r  e i t h e r  the  cold f low c a l i b r a t i o n  r u n s  o r  any  r o c k e t  
f i r i n g s  which  m i g h t  be i nc luded  in  t h i s  r e s e a r c h  e n d e a v o r .  

The  e x p e r i m e n t s  w e r e  p e r f o r m e d  in the  A e r o d y n a m i c  M o l e c U l a r  
B e a m  C h a m b e r  u s i n g  n i t r o g e n  and a r g o n  as  f r e e - j e t  g a s e s .  A v a r i e t y  
of g a s e s  (a rgon ,  n i t r o g e n ,  h y d r o g e n ,  and s o m e  m i x t u r e s )  w e r e  c a r e -  
fu l ly  b led  into the  c h a m b e r  b a c k g r o u n d  ou t s ide  the f r e e - j e t  shock  s t r u c -  
t u r e .  F o r  the  s o u r c e  cond i t ions  of i n t e r e s t ,  no p e r c e p t i b l e  i n c r e a s e  in  
b a c k g r o u n d  gas  d e n s i t y  a long  the  f r e e - j e t  c e n t e r l i n e  (as d e t e r m i n e d  by 
m a s s  s a m p l i n g  the  s k i m m e d  c e n t e r l i n e )  was  o b s e r v e d  fo r  v a r i o u s  v a l u e s  
of b a c k g r o u n d  p r e s s u r e s .  It was  conc luded  t h a t  the  b a c k g r o u n d  i n v a s i o n  
was  of no c o n s e q u e n c e  to the  e x p e r i m e n t s  to be conduc ted  wi th  the  m a s s  
s p e c t r o m e t e r  s a m p l i n g  p r o b e s .  

5.0 SAMPLING OF A 1-LB-THRUST MMHIN204 ROCKET ENGINE 

The  m a s s  s p e c t r o m e t e r  s a m p l i n g  p r o b e s  d i s c u s s e d  in  t h i s  r e p o r t  w e r e  
d e s i g n e d  t o  s a m p l e  a 75-1b l iqu id  r o c k e t  eng ine  in  the  M a r k  I A e r o s p a c e  
E n v i r o n m e n t a l  C h a m b e r .  It was  i n d i c a t e d  p r e v i o u s l y  t ha t  the  p r o b e s  
would be capab le  of s a m p l i n g  s m a l l e r  e n g i n e s  o p e r a t e d  in  o t h e r  v a c u u m  
c h a m b e r s .  A 1 - 1 b - t h r u s t  M M H / N 2 0 4  eng ine  was  a v a i l a b l e  fo r  u t i l i z a t i o n  
in  o p e r a t i n g  a m a s s  s p e c t r o m e t e r  p robe  in  an  ac tua l  r o c k e t  e x h a u s t  
e n v i r o n m e n t .  T h i s  eng ine  was  c o m p a t i b l e  wi th  s e v e r a l  a v a i l a b l e  c r y o -  
g e n i c  c h a m b e r s  and,  t h e r e f o r e ,  t e s t i n g  of a p robe  wi th  t ha t  eng ine  was  
c a r r i e d  out. 

5.1 CHAMBER 

The  c h a m b e r  s e l e c t i o n  f o r  r o c k e t  t e s t i n g  the  m a s s  s p e c t r o m e t e r  
p robe  was  b a s e d  on c o m p a t i b i l i t y ,  a v a i l a b i l i t y ,  and e c o n o m y .  The  4-  
by  10-f t  R e s e a r c h  Vacuum C h a m b e r  (RVC) s a t i s f i e d  a l l  t h r e e  of t h e s e  
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c r i t e r i a  and was thus se l ec ted .  It p o s s e s s e d  the addi t ional  advantage  of 
having a p e r m a n e n t l y  in s t a l l ed  e l e c t r o n  beam f l u o r e s c e n c e  s y s t e m  which 
could a s s i s t  in ca l i b r a t i on  of the m a s s  s p e c t r o m e t e r  probe.  A s c h e m a t i c  
of the 4-  by 10-ft RVC and the a s soc i a t ed  rocke t  conf igura t ion  is  shown 
in Fig .  20. 

0 I 2 3 4 ff 1. Antechamber 5. LN 2 Baffle 
i = ~ ~ = 2. Rocket Engine 6. LHePump 

3. Electron Gun 7. GHeArray 
4. Mass Sectrometer Probe 8. LN 2 Liner 

Figure 20. Schematic of 4- by lO-ft research vacuum chamber 
and rocket configuration. 

Var ious  addi t ions  to the convent ional  chambe r  s y s t e m  had to be made  
in o r d e r  to s u c c e s s f u l l y  opera te  the 1-1b- thrus t  engine.  T h e s e  inc luded 
the fuel  and ox id ize r  supply s y s t e m s ,  toxic  vent  s y s t e m s ,  a l iquid  he l i um 
pump fo r  pumping the hyd rogen  in the p lume,  and the va r ious  i n s t r u m e n -  
ta t ion  for  s y s t e m  opera t ion .  

5.2 PROBE SELECTION AND MODIF ICAT ION 

The two m a s s  s p e c t r o m e t e r  p robes  d i s c u s s e d  in th is  r e p o r t  were  
cons ide red  p ro to types  for  a rocke t  e x h a u s t - s a m p l i n g  probe.  The e x p e r i -  
men t a l  eva lua t ion  of the two probes  d e t e r m i n e d  tha t  the f l a t - f a c e  probe  
was capable  of s amp l ing  a 1-1b- thrus t  engine at a d i s t ance  of 10.2 ft 
f r o m  the nozzle  exi t  plane.  This  d i s t ance  was not compat ib le  with the 
c h a m b e r  s e l ec t ed .  The conica l  probe  was shown to be capable  of s a m p l i n g  
p lumes  at impac t  p r e s s u r e s  equivalent  to those  expected at a p p r o x i m a t e l y  
56 in. f r o m  the rocke t  nozzle  exit .  This  d i s t ance  was compat ib le  with the 
s e l ec t ed  chamber ;  t h e r e f o r e ,  in the i n t e r e s t  of t ime  and economy,  the 
r e a d i l y - a v a i l a b l e  conica l  probe  was s e l ec t ed  for  s amp l ing  the 1 -1b- th rus t  
engine rocke t  plume.  
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In the  p r o c e s s  of m o u n t i n g  the  c o n i c a l  p robe  in  the  4 -  by 10-f t  RVC 
it  b e c a m e  n e c e s s a r y  to p o s i t i o n  the  p robe  c l o s e r  t h a n  the  a n t i c i p a t e d  56 
in.  In o r d e r  to  c o m p e n s a t e  fo r  the  i n c r e a s e d  i m p a c t  p r e s s u r e  which  
would e x i s t  at the  l e s s e r  s e p a r a t i o n  d i s t a n c e ,  i t  was  n e c e s s a r y  to r e s i z e  
the  m a s s  s p e c t r o m e t e r  p robe  s k i m m e r  o r i f i c e .  The  o r i g i n a l  o r i f i c e  
was  0. 040 in.  in  d i a m e t e r  and the new a x i a l  d i s t a n c e  r e q u i r e d  the 
o r i f i c e  a r e a  to be r e d u c e d  by a f a c t o r  of at l e a s t  1 [ 3 . 7 .  The  new 
s k i m m e r  o r i f i c e  d i a m e t e r  was  c h o s e n  as 0 .020  in.  T h i s  p e r m i t t e d  
s a m p l i n g  at  an  even  s m a l l e r  a x i a l  s e p a r a t i o n  d i s t a n c e  if d e s i r e d .  

5.3 ROCKET ENGINE 

The  1-1b s c a l e d  t h r u s t e r  u s e d  in  the  r o c k e t  p l u m e  s tudy  was  supp l i ed  
o r i g i n a l l y  by McDonne l l  Doug las  fo r  a NASA m a n n e d  o r b i t i n g  l a b o r a t o r y  
t e s t .  The  b i p r o p e l l a n t  M M H / N 2 0 4  t h r u s t e r  was  d e s i g n e d  f o r  bo th  s t e a d y  
and p u l s i n g  o p e r a t i o n .  The  eng ine  p e r f o r m a n c e  was  p r e v i o u s l y  i n v e s t i -  
ga t ed  by M a r q u a r d t  C o r p o r a t i o n  p e r s o n n e l  who found tha t  the e n g i n e ' s  
c o m b u s t i o n  e f f i c i e n c y  was  l o w e r  than  c o n v e n t i o n a l  ( l a r g e r  t h r u s t )  b i p r o -  
p e l l a n t  e n g i n e s .  A s c h e m a t i c  of the  1 - 1 b - t h r u s t  eng ine  i s  shown  in F ig .  
21. It c o n s i s t s  of a s i n g l e  double t ,  w a t e r - c o o l e d  i n j e c t o r  head ,  h igh  
r e s p o n s e  so l eno id  v a l v e s ,  and two 5-p n o m i n a l  f i l t e r s  u p s t r e a m  of e a c h  
va lve .  The  noz z l e  and c o m b u s t i o n  c h a m b e r  a r e  an  i n t e g r a l  p a r t ,  m a c h i n e d  
f r o m  m o l y b d e n u m .  The  m e a s u r e d  n o z z l e  con tour  i s  shown  in F ig .  22. 
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Ta 

Figure 21. One-pound thrust engine and values. 
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Figure 22.  Nozzle contour of  thruster. 

The  t h r u s t e r  d e s i g n  p a r a m e t e r s  and p e r f o r m a n c e  c h a r a ~ e r i s t i c s  
a r e  shown  i n T a b l e  9. 

Table 9.  One-Pound Rocket  Engine Characteristics 

T h r u s t  

F u e l  

O x i d i z e r  

Chamber  p r e s s u r e  

M i x t u r e  r a t i o  

N o z z l e  e x p a n s i o n  r a t i o  

N o z z l e  g e o m e t r y  

Chamber  t e m p e r a t u r e  

T h r o a t  d i a m e t e r  

N o z z l e  e x i t  d i a m e t e r  

C o m b u s t i o n  e f f i c i e n c y  

1 . 0  l b  

MMH 

N204 

90 p s i  

1 . 6 5  + 0 . 1 5  

4 0 : 1  

C o n t o u r e d  

4 , 0 0 0  ° F 

O. 090 In. 

O. 569 i n .  

0.830 
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5.4 FUEL AND OXIDIZER SYSTEMS 

The 1-1b eng ine  p r o p e l l a n t  s y s t e m  c o n s i s t e d  of t h r e e  m a i n  p a r t s :  
the  eng ine  n i t r o g e n  p u r g e ,  the  h igh  point  b l e e d s ,  and the  p r o p e l l a n t  s u p p l y  
s y s t e m .  The  two p r o p e l l a n t  r u n  t a n k s  had c a p a c i t i e s  of a p p r o x i m a t e l y  
1 ga l  each .  T h i s  a l l owed  a to ta l  o p e r a t i n g  t i m e  of a p p r o x i m a t e l y  1 .6  h r  
wi th  one p r o p e l l a n t  f i l l .  A 2 0 - g a l  w a t e r  s c r u b b e r  fo r  the  fue l  and a 35-  
ga l  NaOH s c r u b b e r  fo r  the  o x i d i z e r  w e r e  i nc luded  in the  s y s t e m .  A 
s c h e m a t i c  of the  p r o p e l l a n t  s y s t e m  is  p r e s e n t e d  in F ig .  23. 

The  s e c t i o n s  of fue l  and o x i d i z e r  p lumb ing  i m m e d i a t e l y  a d j a c e n t  to 
the  eng ine  w e r e  e n c a s e d  in  a s t a i n l e s s  s t e e l  s h r o u d  for  s a f e t y  p u r p o s e s .  
The  s h r o u d  was  v a c u u m  t igh t  wi th  a r e m o v a b l e  end f l ange  wh ich  p e r m i t t e d  
a c c e s s  to the  eng ine  whi le  the  c h a m b e r  was  at  t e s t  cond i t i ons .  A pho to-  
g r a p h  of the  s h r o u d ,  r o c k e t  eng ine ,  and s o m e  c o m p o n e n t s  of the  p r o p e l l a n t  
s y s t e m  i s  p r e s e n t e d  in  F ig .  24. 

The  d r y  n i t r o g e n  p r e s s u r i z a t i o n  s y s t e m  which  was  e m p l o y e d  to p r e s -  
s u r i z e  the  p r o p e l l a n t  t a n k s  and to p u r g e  l i n e s  was  a l s o  u sed  as  a cold  g a s  
c a l i b r a t o r  fo r  the  m a s s  s p e c t r o m e t e r .  The  p r o p e l l a n t  s y s t e m  a l lowed  the  
n i t r o g e n  to be f lowed t h r o u g h  the  eng ine  and ac t  as a p u r e  n i t r o g e n  g a s  
s o u r c e  fo r  s e n s i t i v i t y  c h e c k s .  

Spec i a l  Omnif low ® s t a i n l e s s  s t e e l  f l o w m e t e r s  w e r e  i n s t a l l e d  in  e a c h  
s ide  of the  p r o p e l l a n t  s y s t e m  to p e r m i t  a c c u r a t e  d e t e r m i n a t i o n  of the  p r o -  
p e l l a n t  f low r a t e s .  D i r e c t  m e a s u r e m e n t  of the  O / F  r a t i o  a l lowed  p r o p e r  
a d j u s t m e n t  of t h i s  h igh ly  s i g n i f i c a n t  eng ine  p a r a m e t e r  fo r  a l t e r i n g  p l u m e  
m a s s  s p e c t r a .  

5.5 LIQUID HELIUM PUMP 

P r i o r  to a t t e m p t i n g  o p e r a t i o n  of the  1-1b t h r u s t e r  in the  4-  by 10-f t  
RVC it  was  d e t e r m i n e d  tha t  a l i qu id  h e l i u m  pump would be n e c e s s a r y  to 
hand le  the  hea t  l oad  and h y d r o g e n  g a s  load  of the  eng ine  e x h a u s t .  The  
t h e o r e t i c a l  hea t  l oad  f r o m  the eng ine  m a y  be d e t e r m i n e d  f r o m  the  r e l a t i o n  

Qg = ~[Cp(To - Tpanel) + HV + HF] (4) 
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where  Cp is the spec i f i c  heat  at cons tant  p r e s s u r e ,  Tpane 1 is the t e m p e r -  

a tu re  of the c ryogen ic  panel  which pumps the gas,  H V is the heat  of v a p o r -  
iza t ion  and H F is the heat  of fusion.  The individual  heat  loads  of the 
m a j o r  cons t i tuents  can be obtained by us ing  Eq.  (4) fo r  each gas.  The 
five m a j o r  cons t i tuents  and t he i r  expected heat  loads  and pumping s u r -  
faces  a re  given in Table  10. 

Figure 24. Rocket engine-propellant system installation. 

Table 10. Rocket Constituent Heat Loads 

G a s  

H20 

N 2 

H 2 

CO 

CO 2 

Mole 
F r a c t i o n  

0 .3343  

0 . 3 0 7 5  

0 .1576  

0 . 1 2 8 7  

0 .0401  

Hea t  Load 

4 . 8 8  kw 

2 . 3 3  kw 

1 .09  kw 

0 . 8 4  kw 

0 .21  kw 

Pumping S u r f a c e  

L i q u i d  n i t r o g e n  (LN 2) 

Gaseous  h e l i u m  (GHe) 

L i q u i d  h e l i u m  (LHe) 

Gaseous  h e l i u m  

L i q u i d  n i t r o g e n  
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Since  only LHe wi l l  pump  h y d r o g e n  (a l though s o m e  of the  hea t  load  m a y  be 
a b s o r b e d  by the  o t h e r  pane l s )  the  LHe was d e s i g n e d  to hand l e  a 1-kw hy-  
d r o g e n  hea t  load .  In addi t ion ,  the  LHe pump m u s t  have  su f f i c i en t  p u m p -  
ing s p e e d  ( s u r f a c e  a rea )  to pump  the  h y d r o g e n  gas  l oad  of 2 .43  x 10 -2 
g m / s e c  and m a i n t a i n  the  n e c e s s a r y  v a c u u m  c h a m b e r  b a c k g r o u n d  p r e s s u r e  
of 2 x 10 -3 t o r t .  

Al though  the  h y d r o g e n  hea t  and ~as load  m a d e  it n e c e s s a r y  to  i n s t a l l  
a LHe pump in the  v a c u u m  c h a m b e r ,  they  w e r e  c e r t a i n l y  not the  only  
s o u r c e s  of hea t  l oad ing  of the  l iqu id  h e l i u m  s y s t e m .  The  e x t r e m e l y  low 
t e m p e r a t u r e  of l i qu id  h e l i u m ,  4 . 2 ° K ,  r e q u i r e s  a l m o s t  any s u r f a c e  in  the  
c h a m b e r  to be c o n s i d e r e d  a n o n - n e g l i g i b l e  r a d i a t i o n  hea t  s o u r c e .  The  
conduc t ion  t h r o u g h  the  c h a m b e r  wa l l s ,  c o n v e c t i v e  hea t ing  due to g a s e s  
wi th in  the  c h a m b e r ,  and the  r a d i a t i o n  hea t  load  f r o m  the  w a r m  s u r r o u n d -  
ings  m u s t  al l  be c o n s i d e r e d .  

S ince  the  v a c u u m  c h a m b e r  was  to be e v a c u a t e d  to a p p r o x i m a t e l y  5 x 
10 -6 t o r r  b e f o r e  f i l l i ng  of the  l iqu id  h e l i u m  pump would  be s t a r t e d ,  the  
c o n v e c t i v e  hea t i ng  of c h a m b e r  b a c k g r o u n d  g a s e s  was  e s t i m a t e d  to  be 
n e g l i g i b l e .  The  conduc t ion  of hea t  f r o m  the  c h a m b e r  wa l l s  was  e l i m i n a t e d  
by s u s p e n d i n g  the  p u m p  f r o m  the  LHe t r a n s f e r  l i n e  and s u p p o r t i n g  the  
p u m p  by th in  s t a i n l e s s  s t e e l  w i r e s  a t t a c h e d  to  the  pump and the  v a c u u m  
c h a m b e r  wa l l s .  The  s i z i n g  of the  p u m p  was  thus  d e p e n d e n t  only  on the  
H 2 gas  load  and the  r a d i a t i o n  h e a t  l oad  f r o m  i ts  e n v i r o n m e n t .  • 

The  e s t i m a t e d  pumping  s p e e d  of h y d r o g e n  ( inc lud ing  c a p t u r e  coe f f i -  
c ient)  fo r  a l iqu id  h e l i u m  t e m p e r a t u r e  s u r f a c e  is  a p p r o x i m a t e l y  10 ~/  
s e c  c m  2. S ince  the  h y d r o g e n  m a s s  flow r a t e  is 2 .43  x 10 -2 g m / s e c  the  
to ta l  t h r o u g h p u t  (ff the  gas  is  p r e c o o l e d  to 77°K) is  58 .3  t o r r  ~ / s e c .  The  
r e q u i r e d  pumping  s p e e d  is  g iven  by the  r e l a t i o n  

S = rl/P 8 

Th i s  y i e l d s  a r e q u i r e d  pumping  s p e e d  of 5 .83 x 104 ~ / sec0  o r  a p u m p  
a r e a  of 5 ,830  c m  2. 

T h e  r a d i a t i o n  hea t  load  on a pump of tha t  a r e a  m a y  be d e t e r m i n e d  
f r o m  the  S t e f a n - B o l t z m a n n  law,  

QR = ~ o A ( I  ' 4 - 4 . 2  4 ) (5) 

F o r  a 300°K wal l  and a pump of the  c a l c u l a t e d  a r e a ,  Eq.  (5) y i e l d s  a 
r a d i a t i o n  hea t  load  of 268 j o u l e s / s e c .  If one d e t e r m i n e s  t he  r a d i a t i o n  
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boi loff  r a t e  b a s e d  on a hea t  of v a p o r i z a t i o n  of 2 ,560  j o u l e s / ~  the  r a t e  is  
c a l c u l a t e d  to be 376 ~ / h r ,  a r i d i c u l o u s  amoun t .  Hence ,  the  p u m p  is not  
f e a s i b l e  u n l e s s  s u r r o u n d e d  by LN 2 s u r f a c e s  at 77°K. U n d e r  t h o s e  con-  
d i t i ons  the  r a d i a t i o n  boi loff  r a t e  is  r e d u c e d  to 1.63 ~ / h r ,  a r e a l i s t i c  
va lue .  Thus ,  the  LHe p u m p  was s u r r o u n d e d  by LN 2 s u r f a c e s  to r e d u c e  
the  r a d i a t i o n  hea t  load .  The  boi lof f  p e r  shot  due to the  h y d r o g e n  in the  
p l u m e  would  be 1 .28 ~ fo r  a 3 - s e c  f i r i n g .  

Thus ,  a 37 ~ LHe p u m p  was  d e s i g n e d ,  bui l t ,  and i n s t a l l e d  in a s e c t i o n  
of t he  4 -  by 10-f t  RVC fo r  pumping  the  h y d r o g e n  gas  g e n e r a t e d  d u r i n g  the  
r o c k e t  eng ine  f i r i n g s .  A s c h e m a t i c  of the  l iqu id  h e l i u m  pump s e c t i o n  is  
p r e s e n t e d  as F ig .  25. 

Vacuum Jacketed 
Feedthrough-~ _-" 

/ 

S 
I nsulated Boiloff 
Line 

Chamber Wall 

LN 2 Liner 

LHe Level Indicator 

~ 10~C~ re'~ ' iL~dn~,~tor 

~""--Stai  nless Steel Wires 
Attached to Chamber 

LHe Pump 

Figure 25. Liquid helium pump schematic. 
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5.6 INSTRUMENTATION 

T h e r e  w e r e  s e v e r a l  f ace t s  to the i n s t r u m e n t a t i o n  s y s t e m  which were  
t aken  into cons ide ra t ion .  These  we re  (1) the m a s s  s p e c t r o m e t e r  s y s t e m ,  
(2) the vacuum chamber ,  and (3) the engine s y s t e m s .  I t ems  (2) and (3) 
were  conso l ida ted  as a compos i te  s y s t e m  th rough  the use  of an onl ine 
compute r .  This  was r e q u i r e d  in o r d e r  to i m p l e m e n t  as many  sa fe ty  
p r ecau t i ons  into the t e s t  as poss ib le .  G e n e r a l l y  speaking ,  the m a s s  
s p e c t r o m e t e r  funct ions  were  s e p a r a t e d  f r o m  al l  o the r s  and r e c o r d e d  on 
a V i s i c o r d e r  @ t r a n s i e n t  o s c i l l o g r a p h :  Th i s  was n e c e s s i t a t e d  by the  d e s i r -  
ab i l i ty  of acqu i r ing  at l e a s t  one m a s s  s p e c t r a  e v e r y  0 .1  sec .  Assuming  
65 a i n u / s w e e p  and 10 s a m p l e s / p e a k ,  a s p e c t r a  s ampl ing  r a t e  of 154 ~ s e c /  
s amp le  would be r e q u i r e d  exc lus ive  of sweep s a m p l e s  for  peak i den t i f i c a -  
t ion. Although these  r a t e s  a re  well  within the capab i l i t i e s  of the compute r  
A/D conve r s ion  s y s t e m ,  i m p l e m e n t a t i o n  of da ta  input of o ther  n n p o r t a n t  
p a r a m e t e r s  would be j eopa rd i zed .  Thus ,  the s y s t e m s  were  g e n e r a l l y  
divided with m a s s  s p e c t r o m e t e r  and r e l a t e d  data  r e c o r d e d  on the v i s i -  
c o r d e r  and the engine and chambe r  p a r a m e t e r s  r e c o r d e d  by a P D P - 8  
compute r .  

5.6.1 Mass Spectrometer System 

The fol lowing i t e m s  were  fe l t  to be i m p o r t a n t  for  s p e c t r a  i n t e r p r e t a -  
t ion and engine p e r f o r m a n c e  evalua t ion:  

1. e l e c t r o n  m u l t i p l i e r  output, high and low s e n s i t i v i t y ,  

2. m a s s  s p e c t r o m e t e r  sweep cont ro l  vol tage,  

3. engine combus t ion  chamber  p r e s s u r e ,  

4. ox id i ze r  and fuel  p r e s s u r e ,  

5. vacuum c h a m b e r  p r e s s u r e ,  and 

6. probe  p r e s s u r e .  

Only s ix  v i s i c o r d e r  channels  were  ava i l ab le  for  the m a s s  s p e c t r o m e t e r  
s y s t e m  so only those  p a r a m e t e r s  of g r e a t e s t  i n t e r e s t  for  a spec i f i c  run  
could be chosen.  However ,  a l l  p a r a m e t e r s  with the except ion  of m a s s  
s p e c t r o m e t e r  e l e c t r o n  m u l t i p l i e r  and sweep cont ro l  vol tage  were  
dupl ica ted  wi thin  the compute r  data  acquis i t ion .  

Seve ra l  m a s s  s p e c t r o m e t e r  p a r a m c c e r s  were  not r e c o r d e d  au toma t -  
i c a l l y  s ince  they were  n o r m a l l y  f ixed for  op t imum s igna l  output. Nor -  
ma l l y ,  0 . 5 - m a  e m i s s i o n  cu r r en t  and 3 , 0 0 0 - v  m u l t i p l i e r  vol tage  were  
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u s e d  wi th  the  e x c e p t i o n  of t h o s e  r u n s  when  m i n o r  s p e c i e s  w e r e  to be i d e n -  
t i f i ed  when  a 1 - m a / 3 , 9 0 0 - v  c o m b i n a t i o n  was  used .  

5.6.2 PDP-8 Computer System 

The  u t i l i z a t i o n  of the  c o m p u t e r  da t a  a c q u i s i t i o n  was  i m p e r a t i v e  in  
o r d e r  to i n c o r p o r a t e  as  m a n y  s a f e t y  p r e c a u t i o n s  in to  the  i n s t a l l a t i o n  as  
p o s s i b l e .  T h e r e  was  an  e l e m e n t  of u n c e r t a i n t y  r e g a r d i n g  the  p e r f o r m a n c e  
of the  eng ine  and the  v a c u u m  c h a m b e r ;  t hus ,  in add i t i on  to the  i m p o r t a n c e  
of da t a  fo r  t e s t  p u r p o s e s ,  m a n y  p a r a m e t e r s  w e r e  m o n i t o r e d  so  t ha t  a p p r o -  
p r i a t e  con t ro l  f u n c t i o n s  could be i n i t i a t e d  if c e r t a i n  l i m i t s  w e r e  e x c e e d e d .  
T h i s  func t ion  was  u s u a l l y  a u t o m a t i c  eng ine  shu tdown.  

The  fo l lowing  eng ine  p a r a m e t e r s  w e r e  r e c o r d e d :  

1. fue l  and o x i d i z e r  t e m p e r a t u r e s  (3 each) ,  

2. fue l  and o x i d i z e r  p r e s s u r e s  (1 each) ,  

3. n o z z l e  t ip  and c o m b u s t i o n  c h a m b e r  e x t e r n a l  t e m p e r a t u r e s ,  and 

4. fue l  and o x i d i z e r  f low r a t e s  

The  fo l lowing  c h a m b e r  and v a c u u m  i n s t r u m e n t  outputs  w e r e  r e c o r d e d :  

1. A l p h a t r o n s  ( fore  and aft s e c t i o n s ) ,  

2. G e n e r a l  E l e c t r i c  ion  g a g e s  ( fore  and aft s e c t i o n s ) ,  

3. G e n e r a l  E l e c t r i c  ion  g a g e s  ( i m p a c t  and s t a t i c ) ,  and 

4. p r o b e  ion gage .  

E n g i n e  t i m e  was  r e c o r d e d  and u sed  as  a r u n  t i m e  l i m i t i n g  p a r a m e t e r .  

As a c o n t r o l  dev i ce ,  the  c o m p u t e r  was  u s e d  to p e r i o d i c a l l y  s a m p l e  
c r i t i c a l  p a r a m e t e r s  and t e r m i n a t e  the  eng ine  f i r i n g  ff t hey  w e r e  ou t s ide  
s p e c i f i e d  l i m i t s .  P r i o r  to a da t a  run ,  t h o s e  l i m i t  p a r a m e t e r s  and t h e i r  
v a l u e s  w e r e  s e l e c t e d  and s t o r e d .  E n g i n e  s o l e n o i d s  w e r e  e n e r g i z e d  t h r o u g h  
s e r i e s  c o n t a c t s  s e l e c t e d  s e q u e n t i a l l y  by  the  fue l  s y s t e m  o p e r a t o r  and the  
c o m p u t e r .  B e f o r e  the  s o l e n o i d s  could be e n e r g i z e d ,  the  o p e r a t o r  s e l e c t e d  
both fue l  and o x i d i z e r  s o l e n o i d s ;  t h i s  was  fo l lowed  by  t h r e e  p a s s e s  
t h r o u g h  the  c o m p u t e r  da ta  input  s e q u e n c e  fo r  l i m i t  c h e c k s .  If a l l  p a r a m -  
e t e r s  w e r e  w i th in  p r e s c r i b e d  l i m i t s ,  the  c o m p u t e r  so l eno id  c o n t a c t s  
w e r e  c l o s e d ,  a c c o m p l i s h i n g  eng ine  ign i t ion .  If any  one of the  s e l e c t e d  
p a r a m e t e r s  was  ou t s ide  the  p r e s c r i b e d  l i m i t s ,  the  eng ine  was  shu t  down. 
F o r  a n o r m a l  run ,  t h i s  was  eng ine  t i m e  r e a d  f r o m  a t i m e r - c o u n t e r .  
A f t e r  shu tdown,  da t a  a c q u i s i t i o n  was  con t inued  un t i l  the  d a t a  f i e l d  was  
f i l l ed .  
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Any combinat ion  of 24 p a r a m e t e r s  could be input to the compute r .  
Fo r  the m a x i m u m  number  of p a r a m e t e r s ,  a comple te  data  input sequence  
could be comple ted  in 30 msec .  Thus,  the sampl ing  r a t e  was d e t e r m i n e d  
by the n u m b e r  of s e l ec t ed  input p a r a m e t e r s ,  the n u m b e r  of s t o r age  l o c a -  
t ions  in the data  f ie ld  (=1, 3224 and the d e s i r e d  length  of run  t ime .  All 
p a r a m e t e r s  could be r e c o r d e d  in a 2 . 7 5 - s e c  run  sampl ing  at 50 m s / s w e e p .  
After  a f i r ing ,  all  da ta  were  r e c o r d e d  on magne t i c  tape fo r  subsequent  
data  reduc t ion .  In addit ion,  t abu la to r  p r in tou t  a n d / o r  p l o t t e r / o s c i l l o s c o p e  
output could be d i sp layed  as r e q u i r e d  i m m e d i a t e l y  a f t e r  a run.  

Other  p a r a m e t e r s  were  m e a s u r e d  only to ident i fy  chambe r  condi t ions ,  
fo r  example ,  c e r t a i n  c ryogen ic  t e m p e r a t u r e s  and the  he l ium l iquid  l eve l  
in the hydrogen  pump. P e r i p h e r y  e l e c t r o n  beam e x p e r i m e n t s  r e q u i r e d  
spec ia l  i n s t r u m e n t  s y s t e m s ,  some  of which did not r e l a t e  d i r e c t l y  to the 
rocke t  tes t .  However ,  engine hydrogen  and wate r  spec ie s  m e a s u r e m e n t s  
were  made  us ing photon counting techn iques  and were  r e c o r d e d  with the 
computer .  

5.7 CALIBRATIONS 

As p rev ious ly  noted in th is  r e p o r t ,  the 4-  by 10-ft  RVC which was 
chosen  for  the rocke t  expe r imen t  had as an i n t eg ra l  pa r t  of the c h a m b e r  
an e l ec t ron  beam f l u o r e s c e n c e  sys t em:  The e l e c t r o n  beam f l u o r e s c e n c e  
technique makes  i t  poss ib le  to d e t e r m i n e  number  dens i t i e s  in the f r e e  
s t r e a m  through  opt ica l  m e a s u r e m e n t s .  By pos i t ioning  the m a s s  s p e c t r o m -  
e t e r  p robe  on the axis  of a sonic  o r i f i ce  f r ee  je t  n e a r  the point s amp led  
by the e l e c t r o n  b e a m ' s  opt ica l  sy s t em,  a twofold ca l i b r a t i on  of the m a s s  
s p e c t r o m e t e r  s y s t e m  may  be obtained.  F i r s t ,  as was p r ev ious ly  ind ica t -  
ed, the sonic  o r i f i ce  expans ion  is so well  documented  that  an exact  
axia l  n u m b e r  dens i ty  v a r i a t i o n  may  be ca lcu la ted ,  thus d e t e r m i n i n g  the 
number  dens i ty  fo r  the m a s s  s p e c t r o m e t e r  s ampl ing  o r i f i ce .  Second, the 
e l e c t r o n  beam m e a s u r e m e n t  d e t e r m i n e s  the number  dens i ty  at a point  
s l igh t ly  u p s t r e a m  of the m a s s  s p e c t r o m e t e r  s k i m m e r  which al lows an 
ex t r apo la t i on  to the number  dens i ty  at the s k i m m e r  en t r ance .  This  two- 
fold ca l i b r a t i on  technique was employed  in conjunct ion with a 3 . 2 - m m ,  
th in -wa l l ed  sonic  o r i f i ce  to ca l ib ra t e  the conica l  m a s s  s p e c t r o m e t e r  p robe  
s ignal  for  s e v e r a l  p lume gases .  The d a y - t o - d a y  s ens i t i v i t y  changes  of 
the m a s s  s p e c t r o m e t e r  were  mon i to red  by flowing n i t rogen  th rough  the 
rocke t  nozzle  at a given flow ra t e  and mon i to r i ng  the m a s s  28 s ignal .  
The changes in s igna l  l eve l  indica ted  the s ens i t i v i t y  change.  

F igu re s  26 th rough  28 p re sen t  the ca l ib ra t ion  curves  for  n i t rogen ,  
ca rbon  monoxide,  and hydrogen  at m a s s  s p e c t r o m e t e r  se t t ings  used  
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d u r i n g  l a t e r  eng ine  f i r i n g s .  Due to the  p r e v i o u s l y  d i s c u s s e d  d i f f i c u l t i e s  
e n c o u n t e r e d  wi th  h y d r o g e n  d e t e c t i o n ,  two h y d r o g e n  c a l i b r a t i o n  c u r v e s  
w e r e  n e e d e d .  F i g u r e  29 i n d i c a t e s  the  i n c r e a s e d  s i g n a l  l e v e l s  ob t a ined  
wi th  h i g h e r  e l e c t r o n  m u l t i p l i e r  vo l t age .  The  c a l i b r a t i o n  c u r v e s  a r e  
p r e s e n t e d  as func t ions  of s o n i c  o r i f i c e  s o u r c e  p r e s s u r e ,  the  o r i g i n a l  da ta .  
C o n v e r s i o n  to n u m b e r  d e n s i t y  is  a c c o m p l i s h e d  e a s i l y  by m e a n s  of the  
f a r - f i e l d  a p p r o x i m a t i o n  

n,/Uo ~ I--~21) A21 "]/Y-l/x/"2 

w h e r e  A is a p r e v i o u s l y  g i v e n  cons tan t .  In t e r m s  of s o u r c e  p r e s s u r e  and 
the  c a l i b r a t i o n  cond i t ions  th i s  y i e l d s ,  fo r  7 = 1 .4 ,  

n = 7.91 × 1010 Po cm'3 

w h e r e  Po m u s t  be e x p r e s s e d  in  t o r r .  The  l a r g e  d y n a m i c  r a n g e  of the  
m a s s  s p e c t r o m e t e r  p r o b e  i s  i n d i c a t e d  by the  e x t r e m e l y  low Po v a l u e s  
fo r  wh ich  m e a n i n g f u l  da ta  a r e  a t t a inab le .  

5.8 CHAMBER AND ENGINE PERFORMANCE 

D e t a i l s  of the  4-  by 10-ft  RVC and the  1 - 1 b - t h r u s t  M M H / N 2 0 4  
r o c k e t  eng ine  (Fig.  20) have  p r e v i o u s l y  b e e n  p r e s e n t e d  in  t h i s  r e p o r t .  
P r o p e r  m a s s  s a m p l i n g  of the  eng ine  was p r e d i c a t e d  upon the  r o c k e t  
e x h a u s t  p e r f o r m i n g  as a f r e e  j e t ,  h e n c e  the  c h a m b e r  p r e s s u r e s  had to 
be low enough  to p e r m i t  a f r e e - j e t  s t r u c t u r e  of su f f i c i en t  s i ze .  F r o m  
Eq.  (3}, Sec t ion  2 .4 ,  it m a y  be d e t e r m i n e d  that  the  v a c u u m  c h a m b e r  
b a c k g r o u n d  p r e s s u r e  m u s t  be m a i n t a i n e d  be low 2 .5  x 10 -2 t o r r  to p e r -  
m i t  a p r o p e r  f r e e - j e t  s t r u c t u r e  to be f o r m e d .  F ig .  30 p r e s e n t s  a plot  
of the  v a c u u m  c h a m b e r  p r e s s u r e  as a func t ion  of t i m e  fo r  s e v e r a l  r u n s .  
The  p r e s s u r e  was  m e a s u r e d  wi th  an a l p h a t r o n  gage  beh ind  the  r o c k e t  
eng ine .  The  a l p h a t r o n  was  l o c a t e d  on a w a r m  wal l  and was p a r t i a l l y  
open  to d i r e c t e d  flow (backflow) f r o m  the  eng ine .  When  an e s t i m a t e d  
gage  f a c t o r  is i n c l u d e d  in  the  da ta  the  p r e s s u r e  r e m a i n s  be low the  
r e q u i r e d  25 .0  pr ig  l e v e l .  

The  eng ine  p e r f o r m a n c e  was p r i m a r i l y  m o n i t o r e d  t h r o u g h  the  m e a -  
s u r e m e n t  of c o m b u s t i o n  c h a m b e r  p r e s s u r e  and the  m a s s  s p e c t r a .  Due 
to the  s m a l l  p r e s s u r e  tap  and p l u m b i n g  b e t w e e n  the  c o m b u s t i o n  c h a m b e r  
and p r e s s u r e  t r a n s d u c e r ,  the  t r a n s d u c e r  output l a g g e d  t he  ac tua l  c o m b u s -  
t ion  c h a m b e r  p r e s s u r e  by s e v e r a l  m i l l i s e c o n d s .  S ince  r u n  t i m e s  w e r e  
c o n s i d e r a b l y  l o n g e r  than  the  l ag  t i m e ,  the  s t e a d y  p r e s s u r e  was ,  n e v e r -  
t h e l e s s ,  r e c o r d e d  c o r r e c t l y .  F i g u r e  31 p r e s e n t s  the  m e a s u r e d  c o m b u s -  
t ion  c h a m b e r  p r e s s u r e  f o r  t h r e e  O / F  r a t i o s .  The  o x i d i z e r  m a s s  flow 
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r a t e  was  he ld  c o n s t a n t  d u r i n g  t h e s e  r u n s .  The  o x i d i z e r  s o l e n o i d  v a l u e  
l e d  the  fue l  va lve  on open ing  by 10 m s e c  and l a g g e d  the  fue l  s o l e n o i d  
va lve  by 10 m s e c  on c los ing .  Th i s  e n s u r e d  tha t  only  q u a n t i t i e s  of f r o z e n  
o x i d i z e r  and no f r o z e n  fue l  w e r e  c r y o p u m p e d  in  the  c h a m b e r .  Th i s  
p e r m i t t e d  w a r m u p  of the  c r y o g e n i c  s y s t e m s  wi th  l i t t l e  c o n c e r n  o v e r  
r e a c t i o n s  t ak ing  p l a c e  on the  c h a m b e r  wa l l s .  

5.9 PROBE E V A L U A T I O N  

The  con i ca l  m a s s  s p e c t r o m e t e r  p r o b e  was m o u n t e d  in  the  4 -  by 10-f t  
RVC at a d i s t a n c e  of 91 cm,  63 n o z z l e  exi t  d i a m e t e r s  d o w n s t r e a m  of the  
1 - 1 b - t h r u s t  eng ine  n o z z l e  exi t .  The  eng ine  was  o p e r a t e d  at s e y e r a l  O / F  
r a t i o s  fo r  a v a r i e t y  of r u n  t i m e s .  The  fo].lowing s e c t i o n s  d i s c u s s  the  
p r o b e  p e r f o r m a n c e  and the  r e s u l t s  of t h o s e  r u n s .  
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Figure 31. Combustion chamber pressure for three O/F ratios. 

5.9.1 Probe Pumping 

The m a s s  s p e c t r o m e t e r  p robe  p r e s s u r e  was mon i to red  dur ing  engine 
f i r i ngs  by a Veeco ~ ionizat ion gage ins ta l led  on the probe  r e a r  plate .  The 
only s igni f icant  v a r i a b l e s  in the p r e s s u r e  v a r i a t i o n  fo r  d i f fe ren t  engine 
f i r ings  were  the f i r i ~  t ime  and the qual i ty of the i n t e rna l  CO2 f r o s t  used  
fo r  hydrogen  pumping.  Although addi t ional  CO 2 was usuaUy depos i ted  
p r i o r  to each  f i r ing ,  the abi l i ty  to pump the hydrogen  deg raded  with each  
s u c c e s s i v e  run .  Typica l  behav io r  of the probe  p r e s s u r e s  dur ing  a sequence  
of f i r i ngs  is p r e s e n t e d  in Fig.  32. F o r  each  s u c c e s s i v e  f i r ing ,  the probe  
base  p r e s s u r e  (before  engine operat ion)  is h igher  and so a r e  the p r e s s u r e  
l eve l s  throughout  the f i r ing .  F r o m  prev ious  m i x t u r e  e x p e r i m e n t s ,  it 
was  d e t e r m i n e d  that  da ta  fo r  p robe  p r e s s u r e s  above 5 x 10-6 t o r t  w e r e  ques -  
t ionable  with r e s p e c t  to hydrogen  m e a s u r e m e n t s  but we re  r e a s o n a b l y  
a c c u r a t e  fo r  o ther  spec ie s .  It is ,  t h e r e f o r e ,  n e c e s s a r y  to examine  the 
probe p r e s s u r e  da ta  be fo re  implying the s ign i f icance  of hydrogen  number  
dens i ty  m e a s u r e m e n t s .  
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Figure 32. Probe pressure during rocket firings. 

5.9.2 Major Species 

The  m a j o r  s p e c i e s  p r e s e n t  in an e q u i l i b r i u m  M M H / N 2 0 4  exhaus t  
p lume  with an O / F  rat io  of 1 .60  w e r e  l i s t e d  in T a M e  1. An abso lu te  
m e a s u r e m e n t  of the c o n s t i t u e n c y  of the 1 -1b- thrus t  eng ine  exhaus t  w a s  
a t t empted  with the m a s s  s p e c t r o m e t e r  probe  for  s e v e r a l  O / F  r a t i o s .  
The  O / F  ra t io  w a s  v a r i e d  by contro l l ing  the fue l  tank f e e d  p r e s s u r e .  
T h e r e f o r e ,  excep t  for  s m a l l  n o w - r a t e  changes  due to c o m b u s t i o n  c h a m b e r  
p r e s s u r e  f l u c t u a t i o n s ,  the o x i d i z e r  f low ra te  w a s  the s a m e  for  al l  runs .  
F i g u r e  33 i s  an e x a m p l e  of the o s c i l l o g r a p h  output for  a p a r t i c u l a r  run 
( O / F  = 1 .76 ) .  The  m a s s  s w e e p ,  c o m b u s t i o n  c h a m b e r  p r e s s u r e ,  and m a s s  
s p e c t r a  for  two s e n s i t i v i t y  r a n g e s  are  ind icated .  F i g u r e  34 r e p r e s e n t s  
the v a r i a t i o n  of s i g n a l  f r o m  a c o m b u s t i o n  product ,  H 2 0 ,  and an o x i d i z e r  
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product ,  NO, as funct ions  of O / F  ra t io .  The s igna ls  a re  n o r m a l i z e d  with 
r e s p e c t  to the m a s s  28 s igna l  for  each run.  Although s ign i f ican t  s c a t t e r  
is evident ,  the combus t ion  product  s ignal  tends to drop  s l igh t ly  with 
i n c r e a s i n g  O / F  r a t i o  while the ox id izer  product  i n c r e a s e s  s ign i f i can t ly .  
The s l ight  d rop  in m a s s  18 to m a s s  28 r a t i o  at h igher  O / F  r a t i o s  is due 
to the d e c r e a s e  in ava i lab le  fuel  to suppor t  combust ion .  The m a s s  30 
s igna l  to m a s s  28 s igna l  i n c r e a s e s  with O / F  due to the i n c r e a s e d  amount  
of N204 ava i lab le  fo r  c rack ing .  
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Table  11 p r e s e n t s  the m e a s u r e d  vs lues  of m a j o r  spec ie  number  den-  
s i t i e s  at an O / F  r a t i o  of 1.62.  Use of the m a s s  s p e c t r o m e t e r  ca l i b r a t i ons ,  
m e a s u r e d  c rack ing  pa t t e rn s ,  and tabula ted  ionizat ion c r o s s  sec t ions  (Ref. 
20) we re  employed in the compi la t ion  of TaMe 11. A c o r r e c t i o n  for  
non l inear  mu l t i p l i e r  r e s p o n s e  was a lso included. A c o m p a r i s o n  of TaMe 
11 and Table  1 r e v e a l s  that  the combust ion  is l e s s  than comple te ly  ef f i -  
cient (e. g . ,  the H20  mole  f rac t ion) .  

Table 11. Measured Species Concentrations (O/F = 1.62) 

Mole F r a c t i o n  
Component  M e a s u r e d  No. D e n s i t y  (cm" 3) o f  M a j o r  S p e c i e s  

H20 2 . 9 7  x 1012 0 .153  

N2/C0 9 . 9  x 1012 0 . 5 1 1  

H 2 1 . 5  x 1012 0 . 0 7 7  

CO 2 1 .63  x 1012 0 . 0 8 4  

OH T r a c e  

H 1 . 2 7  x 1012 0 . 0 6 6  

02 7 . 5 9  x 1011 0 . 0 3 9  

NO 4 . 2 4  x 1010 0 . 0 0 2 2  

0 6 . 9 5  x 1010 0 . 0 0 3 6  

This  suppor t s  the poor combust ion ef f ic iency (0.83) r e p o r t e d  fo r  the 
engine by the M a r q u a r d t  Corpora t ion .  More r e l i ab i l i t y  of quant i ta t ive  da ta  
could be obtained f r o m  the probe  through m o r e  exac t ing  ca l ib ra t ion  t ech -  
niques .  The e l ec t ron  beam s y s t e m  which was employed as an addi t ional  
ca l ib ra t ion  s y s t e m  fo r  the m a s s  s p e c t r o m e t e r  p robe  was used to m e a s u r e  
w a t e r  and hydrogen  number  dens i t i e s  in the p lume.  Ex t r apo l a t ed  to the 
m a s s  s p e c t r o m e t e r  axia l  locat ion the e l ec t ron  beam d e t e r m i n e d  the n u m -  
b e r  dens i t i e s  to be 5.23 x 1012 cm -3 and 2.02 x 1012 cm -3 for  w a t e r  and 
hydrogen,  r e s p e c t i v e l y .  These  va lues  a r e  s l ight ly  h igher  than the m a s s  
s p e c t r o m e t e r  va lues ,  but the r a t i o s  be tween the two spec i e s  fo r  both i n s t r u -  
men t s  bas i ca l ly  ag r ee .  More p r e c i s e  m a s s  s p e c t r o m e t e r  p robe  c a l i b r a -  
t ions a r e  n e c e s s a r y  to obtain exact  quant i ta t ive  data .  R e g a r d l e s s ,  the 
m a j o r  spec ie  da ta  do indicate  the p r o b e ' s  abi l i ty  to make  quant i ta t ive  m a j o r  
spec ie  m e a s u r e m e n t s  in a rocke t  exhaust  p lume.  
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5.9.3 Minor Species 

In o r d e r  to ob ta in  m i n o r  s p e c i e  m e a s u r e m e n t s  it  was  n e c e s s a r y  tha t  
the  m a s s  s p e c t r o m e t e r  ga in  be s e t  m u c h  h i g h e r  t h a n  what  had b e e n  u s e f u l  
in  m a k i n g  m a j o r  s p e c i e  m e a s u r e m e n t s .  T h i s  r e s u l t e d  in  l o s i n g  s o m e  of 
the  m a j o r  s p e c i e  da t a  f o r  p a r t i c u l a r  r u n s  due to t o o - h i g h  s i g n a l  l e v e l s .  
If n e c e s s a r y ,  t h i s  l o s s  of da t a  could be avo ided  t h r o u g h  the  u s e  of a m a s s  
s w i t c h i n g  t e c h n i q u e .  

F i g u r e  35 p r e s e n t s  a t y p i c a l  o s c i l l o g r a p h  t r a c e  f o r  a m i n o r  s p e c i e  
d a t a  run .  The  l a r g e  n u m b e r  of p e a k s  wh ich  a r e  p r e s e n t  m a y  be con-  
t r a s t e d  wi th  the  r e l a t i v e l y  few p e a k s  o b s e r v a b l e  in  F ig .  33. P r a c t i c a l l y  
a l l  m a s s  n u m b e r s  f r o m  12 to 53 a r e  shown  in F ig .  35. T h i s  a g a i n  e m p h a -  
s i z e s  the  c o m p l i c a t e d  s p e c t r a  of s u c h  a r o c k e t  e x h a u s t  and the  l a r g e  
d y n a m i c  r a n g e  of the  m a s s  s p e c t r o m e t e r .  T a b l e  12 p r e s e n t s  a t e n t a t i v e  
l i s t  of the  p r i n c i p a l  ions  i d e n t i f i e d  in  the  s p e c t r a  of F ig .  35. Q u a n t i t a t i v e  
i n t e r p r e t a t i o n  of the  da ta  was  not  a t t e m p t e d .  T h e  i d e n t i f i c a t i o n  of a l l  
p e a k s  i s  d i f f i cu l t  but  m o s t  un iden t i f i ed  peaks  in  T a b l e  12 ( d e s i g n a t e d  by 
a U) can  be a t t r i b u t e d  to c r a c k e d  pump oil  p r e s e n t  in  the  v a c u u m  c h a m b e r .  

" .  ::~ 

::: 52 21~5 

Figure 35. Minor species mass spectra. 
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The  h e l i u m  l i s t e d  was  due to a v e r y  s m a l l  l e a k  in  the  g a s e o u s  h e l i u m  
r e f r i g e r a t i o n  s y s t e m .  It  should  be no ted  tha t  the  s p e c t r a  is  of su f f i c i en t  
qua l i ty  to a l low r e l a t i v e  c o m p a r i s o n  of m i n o r  s p e c i e s  f o r  d i f f e r e n t  
operatJ.ug cond i t i ons ,  a l though  quan t i t a t i ve  e v a l u a t i o n  of an i nd iv idua l  peak  
would be e x t r e m e l y  d i f f icu l t .  

Table 12. Identified Mass Numbers in MMH/N204 Exhaust 

S p e c i e  Mass No.  S p e c i e  Mass  No.  

H + 1 NO+,CH3NH + 30 

H2+ 2 NHNH2+ 31 
He + 4 02 + 32 
C + 12 U 35 

C H + 13 U 36 

N + 14 U 37 

CH3+,NIt + 15 C3H2+ 38 

O+,NH2 + 16 C3H3+ 39 
NH3+,OH+ 17 CN2+ 40 
H20+ 18 CHN2+ 41 
H2~+ 19 CH2N2+ 42 
U 20 'CH3N2+ 43 
C02 ++ 22 CO~,CH3N2H+ 44 
U 24 ~ CH3NHNH+ 45 

CN + 26 N02+,CH3NHNH2+ 46 

CNH + 27 C2H4+ 50 

N2+,C0 + 28 C4H4+ 52 

29 U 53 

5.9.4 Velocity Distributions 

T i m e  of f l igh t  v e l o c i t y  d i s t r i b u t i o n  m e a s u r e m e n t s  u s ing  the  m e t a -  
s t ab l e  t e c h n i q u e  w e r e  a t t e m p t e d  dur ing  the  1-1b eng ine  f i r i n g s .  The  m a s s  
s p e c t r o m e t e r  c o n f i g u r a t i o n  was unchanged  f r o m  the m a s s  s a m p l i n g  r u n s  
excep t  f o r  the  e l e c t r o n i c  s e tup  and the e l e c t r o n  m u l t i p l i e r  c o n f i g u r a t i o n .  
The  ion s o u r c e  was  o p e r a t e d  as  an  e l e c t r o n i c  choppe r  which  p r o d u c e d  
ions  and m e t a s t a b l e  m o l e c u l e s .  The  m e t a s t a b l e  m o l e c u l e s ,  un l ike  the  
ions ,  a r e  una f f ec t ed  by the  e l e c t r i c  f i e ld s  wi th in  the s p e c t r o m e t e r .  The  
q u a d r u p o l e  s e c t i o n  was o p e r a t e d  at a r e s o l u t i o n  such  tha t  no ions  would 
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t r a v e r s e  the pole sec t ion  at al/, thus only m e t a s t a b l e  m o l e c u l e s  r e a c h e d  
the m u l t i p l i e r  sec t ion .  The n o r m a l l y  p a r a x i a l  m u l t i p l i e r  was ro t a t ed  
onto the s p e c t r o m e t e r  cen te r l i ne  and s e r v e d  as a m e t a s t a b l e  s igna l  
de t ec to r  to give the ve loc i ty  d i s t r i b u t i o n ' s  t e m p o r a l  waveform.  A 
comple te  d e s c r i p t i o n  of the m e t a s t a b l e  t ime  of f l ight  technique  may  be 
found in Refs .  2 and 5. 

Unfor tunate ly ,  the ve loc i ty  d i s t r i bu t ion  m e a s u r e m e n t s  were  a t t empted  
n e a r  the end of the t es t  ma t r i x .  In the i n t e r i m  of t ime  between the  m a s s  
sampl ing  m e a s u r e m e n t s  and ve loc i ty  d i s t r i bu t i on  m e a s u r e m e n t s  the 
expander  in the GHe r e f r i g e r a t i o n  s y s t e m  r e q u i r e d  r e p l a c e m e n t .  The 
new expander  did not ope ra te  as well  as  the p rev ious  one, and consequent ly  
it became  imposs ib l e  to cool the m a s s  s p e c t r o m e t e r  probe  to the p r e -  
v ious ly  a t ta inab le  t e m p e r a t u r e s .  An a s soc i a t ed  l o s s  of pumping in the 
probe ,  accompan ied  with high (10 -5 t o r t )  pole sec t ion  p r e s s u r e s ,  r e s u l t e d .  
The high p r e s s u r e  in the quadrupole  sec t ion  s e v e r e l y  r educed  any chances  
of obtaining ve loc i ty  d i s t r ibu t ions  in the plume.  Seve ra l  e f for t s  were  
made ,  but a l l  were  unsuccess fu l .  

6.0 SUMMARY AND CONCLUSIONS 

Two c r y o g e n i c a l l y  cooled m a s s  s p e c t r o m e t e r  p robes ,  one a f l a t - f a c e d  
probe  with a 2 - m m  c ryogen ic  s k i m m e r  and the o ther  a con ica l - f aced  probe  
with a heated,  20-deg ha l f -ang le ,  conica l  s k i m m e r  were  des igned  and buil t  
to  p e r f o r m  fu ture  m e a s u r e m e n t s  of the spec ie s  concen t r a t i ons  in the f a r  
f ie ld  of a r ocke t  exhaus t  p lume of a 75-1b- thrus t  b ip rope l l an t  (MMH and 
N20 4) l iquid rocke t  engine.  

P r e l i m i n a r y  eva lua t ion  of the two probes  r e v e a l e d  the f l a t - f a c e  p robe  
to be incapable  of sampl ing  at a r e a s o n a b l e  axia l  pos i t ion  in the exhaus t  
p lume of a 75-1b rocke t  engine.  However ,  the f l a t - f a c e  probe  could be 
expected  to p e r f o r m  p r o p e r l y  in the exhaust  p lume of a 1-1b t h r u s t e r  if 
opera ted  at chambe r  al t i tude l eve l s  suf f ic ient  to p e r m i t  e x t r e m e  f a r - f i e l d  
m e a s u r e m e n t s .  The d i s c r e p a n c y  in the des ign  and opera t ing  c h a r a c t e r i s -  
t i cs  is a s soc i a t ed  with the inabi l i ty  to i n su re  suf f ic ient  coolant  flow within  
the probe .  The conica l  probe  was found to be capable  of opera t ing  for  
c e r t a i n  condi t ions  in the env i ronmen t  of a 75-1b engine.  Its improved  
p e r f o r m a n c e  r e l a t i v e  to the f l a t - f a ced  probe  is a s soc i a t ed  with i ts  l a r g e r  
pumping a r e a  and a l e s s  r e s t r i c t e d  coolant  flow s y s t e m .  

The conica l  probe  was eva lua ted  in the exhaust  p lume of a 1-1b b ip ro -  
pe l lan t  (MMH/N204) rocke t  engine at a loca t ion  app rox ima te ly  63 nozzle  
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d i a m e t e r s  d o w n s t r e a m  of the nozzle  exit .  The fol lowing concluding ob- 
s e r v a t i o n s  may  be made:  

1. The p robe -pumping  s y s t e m  is capable  of ma in ta in ing  the 
high vacuum condi t ions  n e c e s s a r y  fo r  m a s s  s p e c t r o m e t e r  
opera t ion .  

2. Acceptable  i n s t r u m e n t  r e s p o n s e  t ime  and s ens i t i v i t y  a re  
obta inable ,  the c o r r o s i v e  env i ronmen t  not s ign i f i can t ly  
affect ing the mass  s p e c t r o m e t e r  s ens i t i v i ty .  

3. Reasonab le  m a s s  s p e c t r u m s  of t l~e rocke t  exhaus t  con-  
s t i tuen ts  can be obtained with quant i ta t ive  m e a s u r e m e n t  
of m a j o r  spec ies .  

4. Minor  cons t i tuen ts  can be d e t e r m i n e d  by use  of the probe  
with r e l a t i v e  c o m p a r i s o n s  being poss ib le  in some in s t ances .  
Quant i ta t ive  m e a s u r e m e n t  is not obta inable  with the p r e s e n t  
sy s t em.  

5. Veloci ty  d i s t r ibu t ion  m e a s u r e m e n t s  a r e  unobta inable  with 
the p r e s e n t  conf igurat ion,  but i n c r e a s e d  probe  pumping 
could p e r m i t  employment  of the m e t a s t a b l e  t i m e - o f - f l i g h t  
technique.  

6. For  the probe  opera t ing  condi t ions  in the 1 olb engine 
evaluat ion ,  the effects  d i s cus sed  in Sect ion 2 .3  of th is  
r e p o r t  were  d e t e r m i n e d  to be of l i t t l e  o r  no consequence .  

The mos t  s e r i o u s  h ind rance  to quant i ta t ive  m e a s u r e m e n t s  with the 
I 

p r e s e n t  probe  r e s u l t e d  f r o m  the lack  of r e l i a b l e  and ex tens ive  c a l i b r a -  
t ions .  These  data  could be obtained,  however ,  th rough  the ex tens ive  use  
of sonic  o r i f i ce  ca l i b r a t i on  e x p e r i m e n t s  s i m i l a r  to those  d i s c u s s e d  in 
th is  r e p o r t .  

The p r i m a r y  probe l i m i t a t i o n  was the inabi l i ty  to handle high impac t  
p r e s s u r e  l eve l s .  A c o r r e c t i o n  fo r  th is  s h o r t c o m i n g  is obta inable  th rough  
probe  r e d e s i g n  to ensu re  m a x i m u m  coolant  flow r a t e  th rough  the probe .  
The conica l  probe was d e t e r m i n e d  to be g r ea t l y  s u p e r i o r  to the f l a t - f a c e d  
probe  due to the h ighe r  coolant  flow r a t e s  and i n c r e a s e d  pumping of tha t  
s y s t e m .  The pumping breakdown expe r i enced  by the f l a t - f aced  probe  was 
not as s e r i o u s  a p rob l em to the conica l  probe ,  and conica l  p robes  do 
appea r  much  be t t e r  su i ted  to sampl ing  the high m a s s  flows p r e s e n t  in 
r ocke t  engine exhaus t  p lumes .  
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NOMENCLATURE 

Apump 

Cp 

D 

D e 

DSK 

H F 

H V 

K n 

M 

n 

PB 

Pc 

Pp 
Ps 

Po 

Qg 
QR 
R 

r e 

S 

sl 
Tc 

Tpane l  

T w 

T O 

In t e rna l  p robe -pumping  a r e a  

Specif ic  heat  at constant  p r e s s u r e  

Sonic o r i f i ce  d i a m e t e r  

Nozzle exit  d i a m e t e r  

S k i m m e r  d i a m e t e r  

Heat of fus ion  

Heat of vapo r i za t i on  

Knudsen number  

Mach number  

Mass flow ra t e  

Number  dens i ty  

Background p r e s s u r e  

Combust ion  chamber  p r e s s u r e  

Impact  p r e s s u r e  

Probe  in t e rna l  p r e s s u r e  

Stat ic  p r e s s u r e  

Stagnat ion chamber  p r e s s u r e  

Gas heat  load 

Radia t ion  heat  load 

Gas cons tant  

Nozzle exit  r ad ius  

Pumping speed 

Pumping speed of H 2 for  CO 2 on 12°K su r f ace  

Combust ion  chamber  t e m p e r a t u r e  

Cryogen ic  panel  t e m p e r a t u r e  

Wall t e m p e r a t u r e  

Stagnat ion t e m p e r a t u r e  
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Dis tance  f r o m  nozzle  exit  to m e a s u r e m e n t  point 

Vi r tua l  sou rce  d i sp l acemen t  

Specif ic  heat  r a t io  

E m i s s i v i t y  

Mean f r e e  path 

Throughput  

S t e fan -Bo l t zmann  constant  

Viscos i ty  law exponent 

Combust ion c h a m b e r  

Nozzle exit  

Re fe r ence  

Stat ic  

S k i m m e r  

Stagnat ion 

F r e e  S t r e a m  
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